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PREFACE. 


In  presenting  this  second  volume  on  the  subject  of  Electric 
Lighting,  attention  is  called  to  the  fact  that  it  relates  to  the 
conductors  for  transmitting  and  distributing  the  current,  commonly 
called  the  distribution  system,  to  the  lamps,  the  supply  of  which  is 
the  final  object  of  the  entire  system,  and  to  the  various  auxiliary 
devices,  such  as  switches,  cut-outs,  meters,  etc.,  employed  in  con- 
nection with  the  same.  In  short,  the  present  volume  covers  all 
parts  of  electric  lighting  systems  outside  of  the  generating  plants, 
the  first  volume  being  devoted  to  the  latter.  The  properties  of 
conductors  and  various  systems  of  electrical  distribution,  including 
direct  current,  as  well  as  single  and  polyphase  currents,  occupy 
the  first  half  of  the  book.  Overhead  and  underground  conductors 
are  next  discussed,  and  then  arc  lamps  are  treated  in  considerable 
detail,  since  they  are  important  features  in  electric  lighting,  and 
have  not  been  very  fully  treated  in  other  publications.  Interior 
wiring,  incandescent  and  other  forms  of  lamps,  and  finally  electric 
meters  are  given  considerable  attention.  An  appendix,  containing 
the  National  Electrical  Code,  and  another  the  Report  of  the  Com- 
mittee on  Standardization  are  included,  these  being  the  rules  which 
must,  or  at  least  should  be,  followed  in  constructing  or  operating 
any  electrical  system.  In  treating  each  branch  of  the  subject,  the 
principles  have  first  been  given  with  considerable  fullness,  being 
followed  by  practical  examples  of  the  prominent  methods  and 
forms  of  apparatus  employed  in  actual  practice.  In  the  space 
available  it  has  been  impossible  to  go  deeply  into  any  subject,  but 
the  attempt  has  been  made  to  cover  the  important  elements  and 
their  relation,  so  that  they  may  be  understood  and  used  success- 
fully. 

Both   volumes  are   intended   as   text   books   for   engineering 
schools  and  as  hand  books  for  practicing  engineers,  and  for  that 


reason  abstruse  and  detailed  matter  has  been  omitted  as  far  as 
possible. 

The  National  Electrical  Code,  containing  the  requirements  ac- 
cording to  which  all  electric  lighting  and  other  installations  should 
be  made,  is  so  important  that  it  is  printed  in  full  in  Appendix  I. 
The  corrections  made  in  December,  1900,  were  anticipated,  and 
have  been  incorporated.  The  Report  of  the  Committee  on  Stand- 
ardization of  the  American  Institute  of  P^lectrical  Engineers  being 
also  of  fundamental  importance,  is  given  in  full  in  Appendix  IL 

The  author  is  glad  to  take  this  opportunity  lo  thank  many 
friends  for  information  and  assistance.  Messrs.  J.  W.  Licb,  C.  W. 
Rice,  and  P.  Torchio  of  New  York,  and  Mr.  W.  S.  Barstow  of 
Brooklyn,  kindly  gave  the  benefit  of  their  wide  experience  in  con- 
nection with  electrical  distribution.  Messrs.  Clark  and  McMullen  of 
New  York  rendered  valuable  assistance  in  connection  with  overhead 
and  underground  conductors.  To  Mr.  Joseph  Bijur  the  author  is 
specially  indebted  for  a  great  deal  contained  in  the  chapters  on  the 
electric  arc  and  arc  lamps.  Mr.  John  W,  Howell,  of  the  General 
Electric  Lamp  Works,  very  kindly  read  over  the  proof  of  the 
chapter  on  incandescent  lamps,  in  which  subject  no  one  has  had 
greater  and  more  successful  experience.  Mr.  C.  S.  Aylmer-Small 
assisted  the  author  in  collecting  material,  in  proof-reading,  and  in 
other  ways.  Finally,  thanks  are  clue  to  the  General  Electric, 
Westinghouse,  and  other  companies,  which  have  freely  given 
information  and  illustrations. 
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ELECTRICAL  J^LBTtpCBXJTlOJSf. 
PHYSICAL  FBOFZ:BTIS8,pF  OONDUCTOB8.         •  ***:..' 

The  distribution  of  electrical  energjy  from  the  generating'  plant 
to  lamps,  motors,  or  other  devices  involves  problems  of  *greafe  sci- 
entific and  technical  interest.  It  is,al$Q.  a  fact  that  in  almbit 'every 
electrical  installation  the  cost  of  the  .dis'tpibuting  fconductors  is  a 
larger  item  than  that  of  the  generating  raaehineKy.  This  is  almost 
always  true  of  long-distance  transmission  ;  and -even  in  an  isolated 
electric-lighting  plant  the  wiring  is  usually  more  expensive  than 
the  boilers,  engfines,  and  dynamos  combined. 

Substantially  the  same  principles  apply  to  all  branches  of  elec- 
trical transmission  and  distribution,  including  electric  lighting  and 
power,  telegraphy,  telephony,  etc.  But  the  subject  has  been  de- 
veloped more  thoroughly  in  the  case  of  electric  lighting,  which 
requires  a  more  nearly  perfect  regulation  of  pressure  and  current 
than  the  other  applications. 

Measuring  Electrical  Conductors.  —  Either  the  metric  system 
or  the  ordinary  English  system  of  units  can  be  employed  to  meas- 
ure the  length  and  cross-section  of  wires  or  conductors.*  The  for- 
mer system,  in  spite  of  its  many  advantages,  is  rarely  used  for  this 
purpose  in  America  or  in  England ;  and  tables  or  rules  employing 
it  would  be  practically  worthless  at  the  present  time,  since  they 
must  ultimately  be  used  by  common  workmen.  It  should  be  made 
compulsory  before  it  can  be  adopted  generally.  In  English  meas- 
ure we  can  select  either  the  mile,  yard,  or  foot  as  the  unit  of 
length.  The  first  is  too  large,  as  it  necessitates  inconvenient  deci- 
mal fractions ;  the  yard  is  often  employed  in  England  to  measure 

*  Tables  for  conTerting  from  one  system  to  the  other  are  given  in  toI.  i.  pp.  20-22. 
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BLBCTRICAL  piSTKIBtTTION.  * 

FHYBICAli  FBOFEBIOSS  OF  CONDUCTOBS.         *'":..' 

The  distribution  of  electrical  energy  from  the  generating'  plant 
to  lamps,  motors,  or  other  devices  involves  problems  of  'gtssA  sci- 
entific and  technical  interest.  It  is,alsa  a  fact  that  in  almost  "every 
electrical  installation  the  cost  of  the  idistpibutin^  fconductors  is  a 
larger  item  than  that  of  the  generating  raachinecy.  This  is  almost 
^ways  true  of  long-distance  transmission  ;  and  -even  in  an  isolated 
electric-lighting  plant  the  wiring  is  usually  more  expensive  than 
^^^  iDoilers,  engines,  and  dynamos  combined. 

Substantially  the  same  principles  apply  to  all  branches  of  elec- 
tnca.1  transmission  and  distribution,  including  electric  lighting  and 
pow^r,  telegraphy,  telephony,  etc.  But  the  subject  has  been  de- 
veloped more  thoroughly  in  the  case  of  electric  lighting,  which 
^^*^Vaires  a  more  nearly  perfect  regulation  of  pressure  and  current 
tli^n  the  other  applications. 

Measuring  Electrical  Conductors.  —  Either  the  metric  system 
^^  tihe  ordinary  English  system  of  units  can  be  employed  to  meas- 
^^^  the  length  and  cross-section  of  wires  or  conductors.*    The  for- 
^^r  system,  in  spite  of  its  many  advantages,  is  rarely  used  for  this 
P'-M~pose  in  America  or  in  England ;  and  tables  or  rules  employing 
^^    vrould  be  practically  worthless  at  the  present  time,  since  they 
"*^st  ultimately  be  used  by  common  workmen.    It  should  be  made 
compulsory  before  it  can  be  adopted  generally.     In  English  meas- 
ure we  can   select  either  the  mile,  yard,  or  foot  as  the  unit  of 
length.    The  first  is  too  large,  as  it  necessitates  inconvenient  deci- 
mal fractions ;  the  yard  is  often  employed  in  England  to  measure 

*  Tables  for  converting  from  one  s^tein  to  the  other  are  given  in  vol.  i.  pp.  20-22. 
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electrical  conductorsj  but  it  is  rarely  used  for  that  purpose  in 
America,  the  foot  being  almost  universally  adopted  as  the  unit. 
The  size  of  a  wire  may  be  stated  either  in  terms  of  the  numbers 
of  an  arbitrary  gauge,  or  the  actual  diameter  in  fractions  of  an  inch 
may  be  given.  Unfortunately  the  practice  of  using  wire  gauges 
has  existed  from  time  immemorial,  and  results  in  much  confusion 
because  of  the  great  number  of  different  gauges,*  This  has  been 
overcome  to.a  Q^rtaitf  cxtpnt  in  this  country  by  the  general  adop- 
tion of  tht  BfoyUv.i3fc;^harpe;  pr  American  wire  gauge  ;  but  this  is 
quite  .different -fro'nl  tl>e.ne\i<^^andard  British  wire  gauge,  which  is 
used' *i^ 'England.  The  A"^rfcan  wire  gauge  will  be  employed  in 
the/prjistnt  instance,  since  Iji-tjiis-  country  wires  are  made  and  re- 
ferred, .(a  by  that  gauge  very-'giTM;rally  ;  but  in  many  cases  it  is 
bcttCr.-to'.specify  the  actual  diameter  or  cross-section  of  the  wire. 
iMir-fti-Vl^'^jrpose  the  word  4tiil  ha,^  been  introduced,  being  a  short 
name*  fpr' one  thousandth  of-aYiJnch.  That  is  to  say,  a  wire  100 
mils  in*fii^meter/is  Dii<^/(iimi3rc'd  one  thousandths,  or  one  tenth  of 
an  inch,  irrdiameiQT.:  ..^^<!ross-scction  of  a  wire  one  mil  in  diam- 
eter is  called  ovk'ciraiiar  mil,  being  the  area  of  a  circle  one  thou- 
sandth of  an  inch  in  diameter.  Since  the  cross-section  of  any 
other  round  wire  will  be  proportional  to  the  square  of  its  diameter, 
it  follows  that  the  ci^oss-section  in  circular  mils  can  be  found  by 
multiplying  the  diameter  in  mils  by  itself.  We  thus  avoid  the  dif- 
ficulty of  converting  the  cross-section  into  square  measure,  which 
requires  the  square  of  the  diameter  to  be  multiplied  by  .T854  or 
•n-/4.  This  is  an  awkward  and  unnecessary  calculation  in  the  case 
of  round  wires,  it  being  much  simpler  and  equally  definite  to  meas- 
ure them  in  terms  of  a  circular  unit.  For  diameters  greater  than 
.46  inch  (No.  0000  A.W,G.)  it  is  customary  to  define  the  size  by 
giving  the  diameter  in  mils  or  the  cross-section  in  circular  mils. 
For  example,  a  solid  round  conductor  one  inch  in  diameter  is  desig- 
nated as  1»000,000  circular  mils.  The  size  of  a  cable  made  up  of 
a  number  of  strands  of  wire  is  given  as  the  sum  of  the  cross-sec- 
tions of  the  individual  strands.  Rectangular  conductors  arc  meas- 
ured in  terms  of  their  breadth  and  thickness  in  inches  or  mils,  or 
their  cross-section  in  square  mils,  which  is  equal  to  the  product  of 
these  two  dimensions. 

For  measuring  wires  or  conductors,  a  wire  gauge  or  a  microm- 

•  Wheeler's  Chart  of  Wire  Gauges,  W.  J.  Johnston  Co.,  N.Y..  1887. 
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eter  may  be  employed.  The  former  consists  of  a  plate  having 
slots  in  its  edge  corresponding  in  size  to  the  gauge  numbers.  The 
latter  is  usually  a  screw-micrometer,  which  measures  the  diameter 
or  thickness  in  mils,  that  is,  thousandths  of  an  inch. 

Materials  for  Electrical  Conductors^  —  Copper  is  the  material 
employed  almost  universally  for  electrical  conductors,  on  account 
of  its  high  conductivity^  The  slight  superiority  of  silver  in  this 
respect  is  more  than  offset  by  its  higher  density  -and  cost. 

There  are,  however,  several  metals  which. arc' lighter  than  cop- 
per for  the  same  resistance.  For  .example, .aluminum  has  a  con- 
ductivity about  one-half   that   of  copper,  and  its  density  is  2.7. 

Hence,  an  aluminum  wire  weighs  only  — ^  x  ^  =  0.367;  o*-  a 

little  more  than  one-half  as  much  as  a  copper  wire  having  thfc  same 
length  and  resistance.  Metallic  sodium  is  only  about  oae^Quarter 
as  heav7  as  copper  for  equal  length  and  resistance.      .  -     ■.  '■  . 

Although  there  arc  several  metal?  rliat'. could  be  used-as  elec- 
trical conductors  which  are  considerably  lighter,  than  copper,  it  is 
doubtful  if  it  would  be  desirable  to  use  them,  except  in  special 
cases  where  minimum  weight  is  of  particular  importance,  because 
their  bulk  would  be  so  much  greater.  For  example,  an  aluminum 
wire  must  have  about  twice  the  cross-section  of  an  equivalent 
copper  wire,  and  would,  therefore,  require  much  more  insulating 
material  to  cover  it,  and  would  be  more  clumsy  for  overhead  or 
underground  conductors  or  interior  wiring.  It  may  be  used,  how- 
ever, for  bare  conductors,  such  as  'bus  bars,  provided  its  cost  is 
low  enough. 

In  addition  to  metals  such  as  aluminum,  which  may  be  em- 
ployed for  electrical  conductors  in  place  of  copper,  because  they 
are  lighter,  other  metals  and  alloys  are  used  on  account  of  cheap- 
ness or  greater  strength.  The  most  prominent  of  these  is  iron  or 
steel,  which  until  a  few  years  ago  was  in  general  use  for  telegraph 
and  telephone  lines.  But  the  most  recent  practice  i.s  to  employ 
copper  even  for  these  purposes ;  it  being  found  that  the  lower 
resistance,  inductance,  and  electrostatic  capacity  (because  smaller 
wires  are  used)  more  than  make  up  for  the  increased  first  cost. 
Iron  has  rarely  been  utilized  as  a  conductor  in  electric  light,  power, 
or  other  circuits  that  carry  large  currents,  becau.se  its  conduc- 
tivity is  much  less,  being  about  one-seventh  that  of  copper.     An 
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iron  wire  must  therefore  have  seven  times  the  cross-section  and 

7  y  7  8 

—      1-  ^  6,14  times  the  weight  of  an  equivalent  copper  wire,  and 

would  cost  about  as  much. 

Nearly  all  alloys  have  a  considerable  lower  conductivity  than 
pure  copper,  so  that  they  are  not  very  generally  used,  even  for 
overhead  conductors.  In  the  latter  case,  hard-drawn  copper  wire 
is  generally  qni{>loy<id,- having  a  conductivity  about  2  to  3  per  cent 
less  thajr  t»h^t"'4^^  artnealed  .copper,  and  a  tensile  strength  about 
twice  as  groat.^  -The.  lattcj--*  is,  25,000  to  35,000  lbs,  per  square 
inch' for^  spit  copper,  and  p,<3,OOj3  to  70,000  for  hard-drawn,  the 
lowoc  j^gpre  being  for  large , s^r^reji  (Nos.  0000  and  000)  and  the 
higHej; Value  for  small  sizes  of.NKir^  (Nos.  14  and  It}). 

.  Electrical  Resistance. — ^  In  electrical  distribution  the  most  im- 
portaii|  factor  is  resistance,  from  the  scientific  as  well  as  from  the 
comnVeriL-lal-points  of  view..  It  -entirely  determines  the  flow  of  a 
direct -CHiTent,  and  lacgoJy  .aiYects  alternating-current  circuits  also, 
necessitating  the  u^e  Of-Jarge  quantities  of  copper  for  conductors, 
the  cost  of  which  constitutes  the  chief  item  of  expense  in  almost 
all  electrical  plants  or  systems,  as  already  stated. 

Resistance  appears  as  a  serious  difficulty  in  electrical  distribu- 
tion, producing  three  objectionable  effects.  First,  it  causes  a  drop 
in  voltage,  so  that  the  various  lamps  are  not  supplied  with  suf- 
ficient pressure  or  with  the  same  pressure ;  secontl,  it  involves  a 
loss  of  energy  and  eflficiency  ;  and  third,  it  produces  heating  of  the 
conductors,  which  may  destroy  the  insulation  or  give  rise  to 
danger  of  fire.  Each  of  these  effects  will  be  considered  separately 
later. 

The  determination  of  electrical  resistance  can  easily  be  made 
either  by  calculation  or  by  actual  measurement.  It  is  not  neces- 
sary here  to  explain  the  many  well-known  ways  of  measuring 
resistance,  such  as  the  Wheatstone  bridge  and  the  fall  of  potential 
methods.  These  may  he  found  in  almost  any  electrical  work. 
Furthermore,  it  is  the  usual  practice  to  determine  the  clcctrica\ 
resistance  of  conductors  in  electric  light  and  power  distribution  by 
calculation  based  upon  certain  recognized  standards.  This  may 
be  verified  by  tests  of  samples  of  the  wire  or  by  measurements 
made  after  the  conductors  are  laid. 

The  Standard  Conductivity  of  Copper.  —  It  is  almost  universally 
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customary  to  express  the  comparative  conductivity  of  samples  of 
copper  in  terms  of  Matthiessen's  standard.  Unfortunately,  Mat- 
thiessen  gave  several  values  which  do  not  agree  exactly.  To 
overcome  this  difficulty,  a  committee  of  the  American  Institute 
of  Electrical  Engineers  carefully  investigated  this  question,  and 
recommended  the  general  acceptance  of  a  definite  value  for  Mat- 
thiessen's standard.  It  is  possible  to  obtain  copper  of  greater 
purity  and  higher  density  than  that  used  by  Matthiessen,  so  that  a 
somewhat  better  conductivity  of  102  or  even  105  per  cent  of  the 
standard  may  be  reached.  But  practically  all  commercial  copper 
is  below  Matthiessen's  standard. 

A  complete  table  was  prepared  by  the  committee  of  the  Amer- 
ican Institute  of  Electrical  Engineers,*  giving  the  resistance, 
weight,  etc.,  of  the  various  sizes  of  wire,  for  both  the -American 
(B.  and  S.)  and  Birmingham  (Stubs)  gauges.  This  table,  for 
the  A.  W.  G.  and  covering  wires  from  Nos.  000.0  to  18  inclusive, 
is  given  on  page  8.  The  resistance  of  any  copper  wire  at  20  de- 
grees C.  or  68  degrees  Fahr.,  according  to  Matthiessen's  standard, 

may  be  calculated  by  the  following  simple  formula :  R  =  — '— — 

R  being  the  resistance  in  international  ohms,  /  the  length  of  the 
wire  in  feet,  and  d  its  diameter  in  mils.  The  latter  is  easily  deter- 
mined with  accuracy  by  means  of  the  ordinary  screw  micrometer. 
A  very  simple  and  convenient  rule  to  remember  is  the  fact 
that  1,000  feet  of  No.  10  A.  W.  G.  wire,  which  is  practically  one- 
tenth  of  an  inch  in  diameter  (.1019),  has  1  ohm  resistance  at  20 
degrees  C.  (68  degrees  Fahr.),  and  weighs  31.4  pounds.  A  wire 
three  sizes  larger,  that  is,  No.  7,  has  almost  exactly  twice  the 
cross-section  and  weight  per  thousand  feet,  and  one-half  the  resis- 
tance. \  A  wire  three  sizes  smaller,  that  is,  No.  13,  has  one-half 
the  cross-section  and  weight,  and  twice  the  resistance  per  thousand 
feet.  Three  sizes  smaller  than  No.  13,  that  is,  No.  16,  has  one- 
fourth  the  cross-section  and  weight  and  four  times  the  resistance 
of  No.  10 ;  and  similarly  a  No.  4  wire  has  four  times  the  cross- 
section  and  weight  and  one-fourth  the  resistance  of  No.  10.  This 
may  be  carried  to  the  extreme  limits  of  the  gauge  in  either  direc- 
tion, the  cross-section  doubling  with  each  three  numbers.  Inter- 
mediate sizes  may  be  approximated  by  interpolation  ;  for  example, 

•  Transactions,  vol.  x.,  1893. 
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one  size  larger  has  about  \\  (1.261)  times,  and  two  sizes  larger 
about  1t*^  (1.59)  times  the  cross-section.  The  cross-section  of 
the  next  size  smaller  is  always  found  by  multiplying  by  .793,  and 
for  two  sizes  smaller  by  .629. 

Temperature  Coefficient  of  Copper*  —  The  effect  of  variations  in 
temperature  upon  the  conductivity  of  copper  was  given  by  Mat- 
thiessen  *  in  the  following  formula  :  — 


d  =  C  (I  -  .0038701/  4-  .0O0CW9009/'''), 


0) 


in  which  d  is  the  conductivity  at  any  temperature  t  in  Centigrade 
degrees,  and  C^  is  the  conductivity  at  zero  degrees  C.  This  ex- 
pression is  sometimes  converted  into  one  for  resistance  by  merely 
changing  signs  ;  but  this  is  incorrect  algebraically,  since  it  is  neces- 
sary to  take  the  reciprocals  of  both  members  of  the  equation.  If 
this  is  done  the  following  formula  is  obtained  :  — 

Rt  =  ^,  (1  +  .0038701/  +  ,000O059<>9/*).  (2) 

This  is  usually  simplified  by  reducing  the  number  of  decimal 
places,  giving  the  form  :  — 

E,  ^  R^  (1  +  .00387/  +  .00000597/^.  (3) 

In  these  expressions  for  resistance,  terms  containing  t'^  and 
other  higher  powers  of  /  are  neglected,  hence,  they  do  not  give  re- 
sults agreeing  exactly  with  Matthiessen's  original  formula  (Equa. 
I).  The  correct  method  is  to  find  the  value  of  the  temperature 
coefficient  for  conductivity  (1  -  .0038701/  +  .000009009/2),  take 
its  reciprocal,  which  gives  the  temperature  coefficient  for  resistance, 
then  multiply  the  resistance  at  0"  C,  by  this  amount  in  order  to 
find  the  resistance  at  the  given  temperature  /.  This  is  the  process 
by  which  the  figures  in  the  table  on  page  8  were  obtained.  But 
for  moderate  ranges  of  temperature  the  error  resulting  from  the 
use  of  Equation  3  is  slight,  being  about  J  of  1  per  cent  too  high  at 
50'  C,  and  about  A  of  1  per  cent  too  high  at  80"  C. 

Indeed,  it  is  doubtful  if  any  of  these  somewhat  complicated 
formulae  are  actually  more  correct  than  the  very  simply  expres- 
sion, —  f 

Ri  =  Re  (1  +  .004/), 

•  rhihiophical  'rr<ins<t(tipns,  1862. 
t  Electrical  World,  Feb,  10,  1895. 
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in  which,  as  before,  R^  is  the  resistance  of  a  copper  conductor  at 
the  given  temperature  /,  and  R^  is  its  resistance  at  0°  C. 

Matthiessen  found  nearly  all  pure  metals  to  have  substantially 
the  same  temperature  coefficient  as  copper,  the  only  important 
exceptions  being  iron  and  liquid  mercury.  The  values  given  for 
these  are  somewhat  variable,  but  are  about  .0045  for  the  former, 
and  about  .0009  for  the  latter.  The  temperature  coefficients  for 
alloys  are  less  than  those  of  pure  metals,  being  only  about  one- 
tenth  as  great  for  German  silver  as  for  copper. 

The  resistance  in  ohms  of  a  soft  copper  conductor  at  a  given 
temperature  /  in  Centigrade  degrees  may  be  obtained  from  the 
following  expression :  — 

^  ^  9.586  (1  +  .00387/  +  .00000597/«)  /  g. 


r/* 


This  assumes  the  ordinary  form  of  Matthiessen's  formula 
(Ilqua.  3),  and  gives  slightly  different  results  from  those  set  forth 
iri  the  table  on  page  8,  as  already  explained. 

The  very  simple  expression,  — 

^^^9.6(1 +  .004/)/  (gj 

^ves  values  agreeing  exactly  with  Matthiessen's  original  formula 
^t  23°  C,  and  not  differing  by  more  than  two-tenths  of  one  per 
cent  between  0°  and  35°  C,  which  covers  the  ordinary  tempera- 
ture range  of  conductors  used  in  electrical  distribution.     At  60° 
C,  which  is  the  usual  heating  limit  allowed  in  electrical  machin- 
ery, the  results  obtained  from  Equation  6  are  three-quarters  of 
one  per  cent  less  than  those  of  Matthiessen.     This  expression  is 
therefore  sufficiently  accurate  for  almost  any  practical  calculation. 
In  fact,  the  variation  in  resistance  of  copper  is  so  great  with 
ordinary  changes  in  temperature  that  it  is  rarely  possible  to  pre- 
determine it  with  great  accuracy.     The  temperature  of  an  over- 
head line  may  vary  from  natural  causes  enough  to  alter  the  resis- 
tance about  25  per  cent.     A  further  increase  due  to  the  heating 
effect  of  the  current  would  make  a  total  change  of  about  40  per 
cent  in  resistance.     Underground  and  interior  conductors  are  not 
subject  to  such  extreme  variations  in  the  temperature  of  their 
environment,  but  they  often  amount  to  many  degrees,  particularly 
for  the  latter ;  and  the  heating  effect  of  the  current  may  be  equally 
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great.  Fortunately,  however,  in  electrical  transmission  or  distri- 
bution the  current  does  not  ordinarily  heat  wires  more  than  6  or 
10  degrees,  the  loss  of  voltage  being  usually  the  controlling  factor. 
Under  the  head  of  current  capacity  the  rise  in  temperature  of  the 
various  kinds  of  conductors  will  be  discussed  later. 

In  any  given  case  the  probable  temperature  around  a  conductor 
and  the  rise  due  to  the  current  can  be  at  least  approximately  de- 
termined, so  that  resistance  calculations  can  be  made  accordingly. 

It  is  customary  to  specify  in  plans  and  contracts  that  copper 
for  electrical  purposes  shall  have  a  conductivity  not  less  than  98 
per  cent  of  Matthiessen's  standard.  In  some  cases  only  96  per 
cent  is  required ;  but  it  should  not  be  allowed  to  fall  below  this 
limit,  as  it  is  perfectly  practicable  to  obtain  copper  of  such  quality, 
and  inferior  grades  would  not  be  enough  cheaper  to  make  up  for 
their  lower  conductivity.  Allowance  should  be  made  for  this  fact 
in  calculating  the  resistance  of  conductors. 

The  Drop,  or  Lost  Pressure  in  Volts.  —  This  is  the  first  effect 
of  resistance  in  electrical  distribution,  and  is  very  easily  and  defi- 
nitely determined  from  Ohm's  law  by  changing  its  ordinary  form 
/=  EjR  into  E  =  IR.  This  is  not  only  true  of  the  whole  cir- 
cuit, but  also  applies  to  any  portion  or  branch  of  the  circuit ;  and 
ordinarily  it  is  far  simpler  and  more  likely  to  avoid  errors  if  each 
part  of  the  circuit  is  considered  separately.  In  the  case  of  a  very 
complicated  electrical  system,  it  would  be  practically  out  of  the 
question  to  treat  the  circuit  as  a  whole  ;  but  it  is  always  possible  to 
divide  the  system  of  conductors  into  separate  lengths,  in  each  of 
which  we  can  determine  the  current,  the  resistance,  and  therefore 
the  fall  of  potential  which  takes  place.  In  most  practical  work  the 
current  in  amperes  is  given,  since  it  is  usually  known  how  many 
lamps  or  how  much  power  are  to  be  supplied.  It  then  becomes 
necessary  to  calculate  the  value  of  the  resistance  in  order  to  have 
the  proper  value  for  the  drop,  the  latter  being  assumed  or  fixed  by 
the  conditions  in  each  case.  The  common  idea  that  a  short  con- 
ductor of  very  large  diameter  has  no  appreciable  resistence  is  quite 
fallacious.  For  example,  a  bar  of  copper  one  foot  long  and  one 
inch  in  diameter  has  about  one  hundred-thousandth  of  an  ohm  re- 
sistance. While  this  may  be  a  negligible  amount  in  most  cases, 
it  is  always  perfectly  definite,  and  is  often  quite  appreciable.  Such 
a  rod  would  carry  one  thousand  amperes  with  a  drop  of  one  hun- 
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dredth  of  a  volt  between  its  ends,  or  ten  volts  per  thousand  feet, 
which  is  by  no  means  insignificant.  Bars  of  this  size  or  larger  are 
often  used  in  practice  carrying  correspondingly  heavy  currents ; 
hence  it  is  not  safe  to  ignore  resistance,  even  in  the  case  of  very 
large  conductors. 

Loss  of  Energy.  —  The  second  objectionable  effect  which  re- 
sistance produces  in  electrical  distribution  is  the  loss  of  energy 
which  it  occasions.  This  loss  is  absolute,  and  must  always  occur 
whenever  a  current  flows  through  a  resistance.  The  exact  value 
of  this  loss  is  given  by  the  expressions:  — 

Watts  lost  ^  nR^E  I^^ 

in  which  /  is  the  current  in  amperes,  R  is  the  resistance  in  ohms, 
and  /{  is  the  drop  or  lost  pressure  in  volts,  being  applicable  either 
to  the  whole  circuit  or  to  any  part  of  it.  From  one  of  these  ex- 
pressions the  loss  of  energy  can  always  be  ascertained,  provided 
any  two  of  the  three  quantities  are  known.  These  equations  give 
the  loss  which  occurs  continuously  so  long  as  the  current  flows  ; 
that  is,  the  rate  of  dissipation  of  energy  or  the  power  wasted. 
For  a  given  time  /  in  seconds  — 

E^  t 

Loss  of  energy  (in  joules  or  watt-seconds)  ^  I*  Rf  =  E  ft  =  -j— 

To  find  the  loss  of  energy  in  heat  units,  any  of  the  above  values 
may  be  multiplied  by  .24  for  calories  (gram-degree  cent.),  or  by 
.00095  to  obtain  British  thermal  units  (pound-degree  Fahr.). 

This  loss  of  energy,  while  quite  considerable  in  almost  every 
electrical  system,  usually  amounting  to  from  5  to  25  per  cent,  is 
rarely  the  controlling  consideration  in  electric  lighting.  The  drop, 
which  has  already  been  considered,  and  the  heating  limits  which 
will  be  discussed  later,  arc  usually  of  more  consequence  than  the 
mere  waste  of  a  small  fraction  of  the  total  energy,  the  success  or 
failure  of  an  electric  lighting  plant  being  dependent  upon  keeping 
them  within  certain  limits. 

Economy  in  Design  of  Conductors.  —  In  many  cases,  particu- 
larly for  long-distance  transmission  in  contradistinction  to  local 
distribution,  the  relation  between  the  first  cost  of  the  conductors 
and  the  energy  lost  in  them  may  be  a  matter  of  prime  importance. 
This  subject  was  first  attacked  in  1881  by  Lord  Kelvin,  then  Sir 
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William  Thomson,  who  read  before  the  British  Association  a  paper 
on  *«The  Economy  of  Metal  Conductors  of  Hkctricity,"  in  which 
he  attempted  to  give  a  general  solution  of  the  problem.  The  con- 
clusion reached  by  him,  and  now  known  as  "  Kelvin's  Law,"  may 
be  stated  in  the  following  language :  The  mast  economical  size  of 
co7iductor  is  that  for  which  the  annual  interest  on  capital  outlay 
equals  the  annual  cost  of  energy  wasted.  In  other  wonis^  the  total 
annual  expenditure  for  interest  on  the  investment  and  energy  lost  on 
tlu  line  is  a  minimum  when  these  two  items  are  eqnal  to  each  other. 

The  importance  of  this  law  has  usually  been  greatly  overesti- 
mated, but  gradually  its  limitations  have  been  brought  out.  In 
1886  Professors  Ayrton  and  Perry  showed,  in  papers  before  the 
Society  of  Telegraph  Engineers  and  Electricians,  that  Kelvin's 
Law  applies  only  in  certain  cases  ;  and  they  gave  various  modifica- 
tions and  extensions  of  it.  Professor  George  Forbes  has  also  con- 
tributed to  this  subject  in  his  Cantor  Lectures  of  1885,*  in  which 
he  showed  that  the  portion  of  the  investment  which  is  not  propor- 
tional to  the  cross-section  of  the  conductor  should  be  kept  separate, 
so  that  the  amended  law  becomes  :  The  most  economical  area  of 
conductor  is  that  for  ivhich  the  annual  cost  of  energy  wasted  is  equal 
to  the  annual  interest  on  that  portion  of  tlte  capital  outlay  which  is 
proportional  to  the  area  or  weight  of  metal  used.  Professor  William 
A.  Anthony,  in  an  article  on  "  Pxonomy  in  Conductors,  and  the 
Limitations  in  the  Applicability  of  Kelvin's  Law,"  f  demonstrates 
that  in  some  cases  Kelvin's  Law  gives  absurd  results,  and  may, 
for  example,  require  that  all  of  the  energy  should  be  wasted  in  order 
to  secure  the  highest  economy.  This  is  due  to  the  fact  that  the 
minimum  expense  of  operation  is  considered,  and  the  energy  deliv- 
ered ^X  the  end  of  the  line,  which  is  still  more  important,  is  entirely 
ignored.  In  fact,  a  great  many  laws  of  this  kind  can  be  deduced 
according  to  what  factors  are  considered. 

KilgourJ  and  Abbott  §  give  15  possible  combinations  of  the 
six  variable  factors  involved  in  the  problem,  but  state  that  only 
11  of  these  are  likely  to  be  of  any  practical  importance.  The  six 
factors  and  the  11  cases  are  as  follows: 


•  London  Electrician^  vols.  xv.  and  xvi. 

t  Electrical  Enginter  (N.  Y.),  Oct.  31,  1894. 

I  Electrical  Distribution ^  London,  1893,  p.  115. 

S  Electrical  Trammission  of  Energy^  N.  Y.,  1895,  p.  457. 
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V  es  the  pressure  at  the  receiving  end  of  the  conductor ; 

V  =  the  pressure  at  the  delivering  end  of  the  conductor; 
W  =  the  power  given  to  the  receiving  end  of  the  conductor ; 

w  =s  the  power  obtained  at  the  delivering  end  of  the  conductor; 

/=  the  current  in  amperes,  and 

S  —  the  cross-section  of  the  conductor. 


CASK  NO. 

CIVBN. 

RBQUIKBD. 

CASB  NO. 

GtVSN. 

SBQVIKSO. 

1 

r.r. 

/,  ;r,  w,  s. 

7 

r,  5". 

F.  /.  JT,  «.. 

2 

r,/. 

V,  ;r,  w,  s. 

8 

A  .y. 

r;  r,  /f^.  w. 

3 

l\w. 

r,  /,  w,  s. 

0 

/T,  iw. 

F.  r,  /.  5. 

4 

KS, 

r.  /,  IV,  w. 

10 

/r.  5. 

r,  V,  /,  w. 

5 

r.  /. 

r,  /r,  w,  5-. 

11 

w,  S. 

r.  V,  /,  jr. 

6 

r,  n\ 

K  /,  tt..  s. 

This  is  a  far  more  complete  treatment  of  the  question  than 
that  originally  given,  Kelvin's  Law  being  only  one  (No.  5)  of 
these  11  different  cases.  But  any  of  these  solutions  of  the  prob- 
lem is  of  somewhat  doubtful  practical  value ;  and  it  is  probably 
true  that  Kelvin's  Law,  or  any  modification  or  extension  of  it  that 
has  yet  been  brought  out,  has  done  more  harm  than  good  in  elec- 
trical engineering.  It  gives  a  false  confidence  in  the  results  of 
calculations  which  may  be  totally  at  variance  with  real  commercial 
cctMiomy.  The  reason  for  this  difficulty  lies  chiefly  in  the  fact  that 
the  actual  costs  of  some  of  the  items  cannot  be  expressed,  even 
approximately,  as  mathematical  functions.  Furthermore,  various 
incidental  factors  and  particular  conditions  arise,  such  as  the  avail- 
able  sizes  of  machines,  which  render  a  general  solution  of  this 
prt>blem  of  questionable  N^alue  in  the  actual  cases  which  are  found 
in  practical  work. 

It  is  a  common  mistake  to  forget  that  the  interest  and  depre- 
cution  on  the  investment  is  a  fixe<.l  and  irretrie\'able  expense, 
whi'v*  the  energy  lost  on  the  conductor  depends  upon  the  power 
ininsmitteii.  When  the  plant  is  lightly  Kxided,  or  is  shut  down 
entirely,  owing  to  hard  times,  strikes,  etc.»  the  fixed  charges  run 
t\n  as  usual,  but  the  energy  K^ss  is  greatly  revluced,  or  stopped 
*tt*^lher.  Hence  it  is  not  wise  to  lay  the  full  amount  of  copper 
<\\nvsjv>nding  to  the  m.iximum  i>r  even  ordinar)-  demands,  as  there 
111  no  c\^ntn>l  over  the  investment  after  it  is  once  made,  whereas 
^  wergy  loss  adjusts  itself  to  the  wvrking  conditions. 

Probably  the  safest*  as  well  as  the  vjuiokest,  method  to  arrive 
cwrect  result  wxnild  be  to  obtain  a  general  solution  of  the 
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y  problem  by  means  of  some  form  of  Kelvin's  Law ;  then  this  re- 
sult should  be  carefully  checked  by  assuming  a  larger  and  also  a 
smaller  wire,  and  estimating  the  economy  that  would  be  secured 
if  they  were  substituted  for  the  size  of  wire  obtained  by  the  calcu- 
lation.. The  difficulties  of  determining  the  various  items  of  ex- 
pense are  greatly  reduced  by  assuming  a  certain  size  of  wire,  and 
the  several  factors  that  are  almost  impossible  to  cover  by  a  gen- 
eral formula,  immediately  become  definite.  Scientific  and  rational 
methods  should  always  be  preferred  to  empirical  ones ;  but  every 
experienced  engineer  will  admit  that  when  complicated  questions 
of  cost  arise  it  is  unwise  to  rely  entirely  upon  general  formulie, 
which  are  almost  necessarily  abstract  and  incomplete.  The  at- 
tempt to  force  science  beyond  its  legitimate  limits  has  done  great 
»  injury  to  many  industrial  enterprises  as  well  as  to  science  itself. 
Specific  examples  of  this  problem  will  be  considered  later  in  the 
case  of  constant-current  arc-lighting  circuits  and  feeders  for  con- 
stant potential  systems. 

ICurrent-CarryiEg  Capacity  of  Conductors.  ^  The  third  objec- 
tionable effect  of  resistance  in  electrical  distribution  is  the  heating 
which  it  causes.  The  production  of  heat  in  an  electrical  conduc- 
tor has  already  been  stated  in  terms  of  the  various  quantities  in- 
volved.    This  heat  is  an  absolutely  definite  and  unavoidable  result 

■  of  the  flow  of  the  current.  Its  effect  is  to  raise  the  tempera- 
ture of  the  conductor,  and  this  rise  continues  until  the  rate  at 
which  heat  is  lost  equals  the  rate  at  which  it  is  generated  ;  then 
the  temperature  becomes  constant.  It  is  obvious^  therefore,  that 
any  electrical  conductor  is  only  capable  of  carrying  a  certain  cur- 
rent with  a  given  elevation  of  temperature,  and  in  practical  work 
the  allowable  temperature  is  limited  by  considerations  of  injury  to 
insulation,  danger  of  fire,  etc.  No  exact  general  rule  for  current 
capacity  can  be  given,  as  much  depends  upon  the  conditions  in 
each  case.  But,  since  a  wide  margin  must  be  allovved  between  the 
danger  point  and  the  permissible  current  capacity,  it  is  possible 
to  establish  rules  which  are  somewhat  arbitrary,  but  sufficiently 
safe  in  almost  any  case.  This  is  practicably  the  basis  upon  which 
tables  are  made  giving  the  current  that  it  is  allowable  for  any  size 
of  wire  to  carry.  These  tables  are  partly  based  upon  general 
experience,  and  partly  the  results  of  experiment  and  calculation. 
The  first  rule  of  this  kind  originated  with  Lord  Kelvin,  and 
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was  adopted  by  the  Board  of  Trade  (London).  It  stated  that  the 
current  density  in  copper  conductors  should  not  exceed  1,000 
amperes  per  square  inch  of  cross  section. 

Professor  George  Forbes  discussed  this  problem  in  a  paper 
read  before  the  Institution  of  Electrical  Engineers  (London)  in 
March,  1884,  and  showed  that  the  Board  of  Trade  rule  was  hardly 
safe  for  very  large  conductors,  and  gave  an  unnecessarily  large 
margin  for  small  wires.  This  fact  is  very  evident  when  it  is  con- 
sidered that  the  current  at  a  given  density  and  also  the  heating 
increase  in  proportion  to  the  square  of  the  diameter  of  a  wire, 
while  the  heat-dissipating  surface  only  increases  as  the  diameter. 

Dr.  A.  E.  Kennelly  has  given  the  results  of  his  investigations 
in  two  papers  before  the  Association  of  Edison  Illuminating  Com- 
panies, Aug,  13,  1889,  and  Aug,  11,  1893.*  He  determined  by 
calculation  and  experiment  the  heating  of  conductors  submerged 
in  water,  buried  in  the  earth,  inclosed  in  wooden  molding,  and 
suspended  in  air. 

It  is  found  that  there  is  not  such  a  great  difference  between 
the  heating  effects  under  these  various  conditions.  An  insulated 
cable  in  water  is  the  simplest  case  ;  since  the  rise  in  temperature 
of  the  conductor  depends  merely  upon  the  thermal  resistance  of 
the  insulation,  the  outer  surface  (or  sheathing)  of  the  latter  being 
kept  at  a  constant  temperature  by  the  water.  An  underground 
conductor  only  differs  from  the  foregoing  in  the  fact  that  its 
sheathing  may  rise  in  temperature  because  heat  is  not  taken  from 
it  rapidly  enough  by  the  surrounding  soil  or  conduit.  In  other 
words,  the  thermal  resistance  of  the  conduit  and  soil  is  added  to 
that  of  the  insulating  covering.  For  underground  conductors  in 
iron  pipe  conduits  laid  in  cement,  the  temperature  cle%'ation  due 
to  this  cause  would  be  small,  probably  not  more  than  10  or  20 
per  cent  greater  than  that  of  the  same  cables  submerged  in  water. 
The  heating  of  conductors  in  wooden  or  even  earthenware  con- 
duits would  be  considerably  greater,  and  in  the  case  of  the  former 
might  be  considered  to  be  the  same  as  for  those  placed  in  wooden 
panels  or  mokling,  the  rules  for  which  will  be  given  later.  Insu- 
lated wires  suspended  in  air  are  more  highly  heated  than  similar 
submarine  or  most  underground  conductors,  for  the  reason  that 
the  thermal  losses  by  radiation  and  convection  through  the  air  are 

VJcctficfll  World,  Nav.  23  and  30,  1889  and  Sept.  2  and  0,  1893. 
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less  than  those  through  water  and  solid  bodies,  except  those  which 
are  very  poor  conductors  of  heat,  such  as  wood.  For  similar  rea- 
sons the  temperature  rise  of  a  bare  wire  in  air  is  usually  greater 
than  that  of  the  same  wire  covered  with  insulating  material.  The 
effect  of  the  latter  is  to  increase  the  surface  from  which  heat  is 
radiated  and  carried  away  by  convection.  In  most  cases  a  con- 
siderable increase  in  the  temperature  of  a  bare  wire  is  not  objec- 
tionable except  so  far  as  it  represents  loss  of  energy.  The  real 
limitation  to  the  heating  of  electrical  conductors  is  the  point  at 
which  their  insulation  is  likely  to  be  injured. 

The  following  are  standard  tables,  giving  the  maximum  current- 
carr)ring  capacity  of  different  sizes  of  insulated  copper  conductors  : 

TABLES    OF    CURRENT-CARRYING    CAPACITY. 
XABIiB   1.  TAB1.B  S.  TABIiB  3.  TABIiB  8.    TABI.K  3. 


A.  W.  C 

AMPBRBS. 

AMPBRBS. 

AMPBRBS. 

CIRCULAR   MILLS. 

AMPBRBS. 

AMPBRBS. 

18 

3 

3 

5 

200,000 

200 

300 

16 

& 

6 

8 

300,000 

270 

400 

14 

10 

12 

16 

400,000 

330 

600 

12 

15 

17 

23 

600,000 

300 

590 

10 

20 

24 

32 

600,000 

450 

680 

8 

25 

33 

46 

700,000 

500 

760 

6 

35 

46 

65 

800,000 

550 

840 

6 

45 

54 

77 

900,000 

600 

920 

4 

50 

65 

92 

1,000,000 

650 

1,000 

3 

60 

76 

110 

1,100,000 

690 

1,080 

2 

70 

90 

131 

1,200,000 

730 

1,150 

1 

85 

107 

156 

1,300,000 

770 

1,220 

0 

100 

127 

185 

1,400,000 

810 

1,290 

00 

120 

150 

220 

1,500,000 

850 

1,360 

000 

145 

177 

262 

1,600,000 

890 

1,430 

0000 

175 

210 

312 

1,700,000 
1,800,000 
1,900,000 
2,000,000 

930 

970 

1,010 

1,050 

1,490 
1,550 
1,610 
1,670 

Table  No.  1  is  based  upon  Kennelly's  experiments,  and  is  in- 
tended to  allow  a  rise  in  temperature  of  75°  F.  for  twice  the  cur- 
rent specified,  thus  giving  an  ample  factor  of  safety.  The  normal 
current  would  only  raise  the  temperature  18|°  F.,  since  the  heating 
effect  is  proportional  to  the  square  of  the  current.  The  National 
Electrical  Code  permits  a  current  density  20  to  25  per  cent 
greater  than  the  foregoing,  the  figures  being  given  in  Table  2. 
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This  would  give  a  temperature  elevation  of  27"  to  30°  F.,  and  still 
allows  a  considerable  increase  (about  60  per  cent)  in  current 
above  the  rated  value  without  injurious  effects,  This  applies  to 
rubber-covered  wires,  which  shoulrl  never  be  heated  above  150°  F., 
and  should  have  a  normal  working  temperature  considerably  below 
this  limit,  in  order  to  have  a  margin  for  safety.  Table  8  permits 
a  still  greater  current  density,  and  is  used  for  wires  with  "weather 
proof*  insulation,  which  is  not  so  susceptible  as  rubber  to  injury 
by  heat. 
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CHAPTER   II. 

SERIES   S7STEMS   OF  ELECTRICAL  DISTRIBUTION. 

The  various  systems  of  electrical  transmission  and  distribution 
are  classified  in  the  following  table.  They  are  especially  selected 
with  reference  to  their  use  in  electric  lighting;  but  they  include 
those  employed  for  power  transmission  and  other  electrical  pur- 
poses, the  same  principles  and  methods  being  generally  applicable. 

SYSTHMS  OF  EliECTBICAIi  DISTBIBnnON. 
SERIES    SYSTEMS. 

Cknstant  Current.     Voltase  usually  varied.    Direct  Current. 

z.    Series  arc  lighting. 

Usually  operated  at  about  10  amperes  and  50  volts  per  lamp. 

2.  Series  incandescent  lighting. 

About  10  amperes  and  10  to  30  volts  per  lamp  (about  3  candle- 
power  per  volt). 

3.  Series  incandescent  lighting  ("  Municipal  systems  "). 

Three  to  3.5  amperes  and  20  to  50  volts  per  lamp  (1  volt  per  candle- 
power). 

4.  Series-parallel  incandescent  lighting. 

Similar  to  No.  2,  but  single  lamps  replaced  by  groups  in  parallel. 

5.  Direct  current  converter  systems  for  incandescent  or  arc  lighting. 

Motor-dynamos  in  series,  lamps  supplied  by  secondary  circuits. 

Altematinfl:  Current. 

6.  7,  8,  9,  and  10.    Alternating  current  systems  corresponding  to  Nos.  1, 

2,  3,  4,  and  5. 

PARALLEL    SYSTEMS. 

Conatant  Potential.     Current  variea  with  number  of  lamps.    Direct  Current. 

11.  Two-wire  incandescent  and  arc  lighting  (about  110  or  220  volts). 

12.  Three-wire  incandescent  and  arc  lighting  (about  220  or  440  volts). 

13.  Five-wire  incandescent  and  arc  lighting  (about  440  volts). 

14.  Two-wire  with  motor  converters   in  parallel  (primary  1,000  to  5,000 

volts). 


ELECTRIC  LIGHTING. 

Single  Fbase  AlteraaUog  Cuirenfti 

15.    Low  tension  incandescent  and  arc  lighting  without  transformers. 

This   corresponds  to  No.  11.     Oilier  alternating  current   systems 
similar  to  Nos.  12,  13,  and  14  have  not  been  introduced. 
i6»    High-tension  incandescent  and  arc  lighting  with  transformers. 

Primary  circuit  1.000  to  5,000  volts,  two-  and  three-wire  secondarf 
circuits  at  about  50,  100,  or  200  volts. 

17.  Very  high  tension  systems  with  step-up  and  step-down  transformers. 
Long  distance  transmission  circuit  5,000  to  25,000  volts, 

Fcdyphiiiff  AUenukting  Current. 

18.  Two-phase  system. 

19.  Three-phase  sptem. 

20.  Monocyclic  system. 

For  the  sake  of  completeness,  the  above  table  includes  almost 
every  possible  system  of  electrical  distribution,  but  many  of  them 
are  unimportant  or  entirely  obsolete  at  the  present  time.  The 
systems  which  are  now  more  or  less  generally  used  are  Nos.  1,  11, 
12,  13,  14,  IC,  17,  18,  19,  and  20.  The  last  three  are  primarily 
intended  to  operate  motors,  but  arc  also  employed  in  many  cases 
for  electric  lighting. 

SEEIES  SYSTEMS  OP  DIBTBIBUTIOM-. 

The  simplest  arrangement  of  lamps  or  other  devices  to  be  sup- 
plied with  electrical  energy  is  a  series  system  in  which  the  cur- 
rent from  the  +  terminal  of  the  dynamo,  D^  passes  first  through 


Flq.   J.    Series  Are  Circuit. 


one  lamp,  Z,  and  then  through  another,  and  soon,  finally  returning 
to  the  —  terminal  of  the  dynamo,  as  shown  in  Fig.  1.  In  such 
cases  the  current  is  usually  constant,  hence  the  expression  cottstant 
current  is  practically  synonymous  with  si^rit^s  \\\  electrical  distribu- 
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tion.  The  term  high  tension  also  applies,  since  the  voltage  usually 
employed  is  high,  being  equal  to  the  sum  of  the  pressures  con- 
sumed in  all  of  the  lamps  on  the  circuit.  For  example,  sixty 
lamps  are  commonly  placed  upon  a  single  arc-ligiiting  circuit ;  and 
since  each  lamp  (open  arc)  requires  about  fifty  volts,  it  follows 
that  the  total  pressure  approximates  3,000  volts.  The  problem  of 
designing  or  studying  series  circuits  is  not  difficult,  the  path  of  the 
current  being  usually  simple,  and  the  current  constant  throughout 
the  circuit.  This  last  statement  is  only  true,  however,  if  the  leak- 
age of  current  is  insignificant,  which  is  generally  the  case  in  elec- 
tric light  and  power  distribution. 

Distribution  of  Potential  on  Series  Systems. — The  potential  on 
a  series  system  falls  throughout  the  circuit  in  direct  proportion  to 
the  resistance.  That  is,  E=IR,  the  difference  of  potential  E  in 
volts  between  any  two  points  being  equal  to  the  product  of  the 
current  /  in  amperes  and  the  resistance  R  in  ohms  included 
between  them.  This  simple  f;ict  completely  covers  any  possi- 
ble problem  that  can  arise  in  connection  with  a  series  system,  pro- 
vided a  direct  current  is  used,  and  is  easily  applied  in  almost  any 
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In  Fig.  2  an  arc-lighting  system  is  represented,  /?  being 
the  d}Tiamo  and  L,L,  L,  the  lamps,  connected  in  series.  The  total 
difference  of  potential  generated  by  the  dynamo  is  assumed  to  be 
l^OOO  volts,  measured  between  the  two  bru.shes  marked  -f-  and  — . 
This  potential  falls  as  the  current  traverses  the  circuit,  fifty  volts 
Bing  consumed  by  each  of  the  twenty  lamps.  This  is  made  up 
forty-five  volts  actually  used  in  the  lamp  itself,  and  a  drop  of 
five  volts  on  the  conductor  between  two  lamps.  That  is,  the  drop 
on  the  line  wire  is  usually  about  10  per  cent  of  the  total  E.Af.R 
The  relative  potential  of  the  various  points  on  the  circuit  is  easily 
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found.  For  example,  between  the  4-  brush  and  the  middle  point! 
iJ/of  the  circuit,  there  is  a  difference  of  potential  of  500  volts,  and] 
the  same  amount  between  the  middle  point  and  the  —  brush. j 
Similarly  any  two  points  on  the  circuit  will  have  a  difference  of] 
potential  equal  to  fifty  volts,  multiplied  by  the  number  of  lamps] 
included  between  them. 

Personal  Danger  from  Series  Circuits.^  If  a  man  standing  on] 
the  ground  touches  a  very  highly  insulated  circuit,  only  a  veryl 
slight  current  will  pass  through  his  body  ;  but  if  the  insulation  is 
low  or  any  defect  exists  at  any  particular  point,  then  a  considerable^ 
current  may  flow  through  his  body.     In  Fig.  "1  the  line  is  supposed^ 
to  have  a  ground  connection  at  the  point  /*»  due  to  a  defect  in  the 
insulation.     This  will  cause  the  potential  of  the  circuit  to  be  zero 
at  that  point  ;  consequently  a  man  may  stand  on  the  ground,  and 
touch  the  line  at  that  point  with  perfect  impunity.     If  he  touchcaM 
the  wire  at  point  Q  he  will  receive  a  barely  perceptible  shock,  due 
to  100  volts,  since  there  are  two  lamps  between  that  point  and  thcj 
ground  connection;   but  if  the  circuit  be  touched  at  the  point  R, 
the  difference  of  potential  between  it  and  the  ground  connectionj 
being  18  x  ^^'O  =  900  vuhs,  will  produce  a  dangerous,  or  perhaps 
fatal,  current.    When  the  defect  in  the  insulation  does  not  amounti 
to  what  is  called  "dead  ground,"  but  has  a  resistance,  for  example, 
of  1,000  ohms,  then  a  man  touching  the  wire  at  the  point  R  willfl 
receive  a  shock  due  to  1100  volts  as  before;  but  the  resistance  of^ 
the  ground  connection,  which  is  1,000  ohms,  will  be  in  series  with 
his  body.     Consequently  the  current  will  be  less ;  and,  assuming! 
the  resistance  of  his  body  to  be  1,000  ohms,  the  current  will  be] 
one-half  as  great  as  in  the  first  case.     If  the  ground  connectionj 
has  a  resistance  of  8,000  ohms,  the  current  through  the  body  would 
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an   ampere,  which   is  not  dangerous.! 


8,000  +1,000 
We  may  sum  up  these  various  cases  as  follows  :  — 

1.  A  very  highly  insulated  direct-current  electrical  circuit  may 
be  touched  at  any  one  point  without  danger  by  a  man  standing  on 
or  in  connection  with  the  ground. 

2.  If  a  ground  connection  exists  on  a  series  electrical  circuit, 
the  danger  of  touching  the  circuit  increases  directly  with  the  resist- 
ance between  the  ground  connection  and  the  point  of  contact. 

3.  The  resistance  of  the  ground  connection  is  in  series  with 
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the  body  of  any  one  connected  with  the  ground  and  touching  the 
wire  at  some  other  point. 

4.  It  is  never  safe,  however,  to  assume  the  insulation  to  be 
perfect,  or  that  a  ground  connection  exists  at  some  particular 
point,  or  that  it  has  a  high  resistance.  The  circuit  should  always 
be  treated  as  if  the  most  dangerous  possible  conditions  existed. 

Regulation  of  Series  Systems.  —  The  condition  required  on 
series  circuits  is  usually  the  maintenance  of  a  constant  current. 
This  is  accomplished  by  designing  the  dynamo  so  that  it  will 
automatically  generate  a  nearly  constant  current.  The  various 
dynamos  used  in  series  arc-lighting,  such  as  the  Brush,  Thomson- 
Houston,  and  Wood  machines,  are  well-known  examples  of  this 
type  of  generator.  They  are  provided  with  regulating  devices, 
which  either  shift  the  brushes  or  vary  the  strength  of  the  field, 
or  both,  in  order  to  keep  the  current  at  a  constant  value.  In 
addition  to  these  special  regulators,  such  machines  are  so  designed 
that  they  have  considerable  self-induction,  resistance,  and  armature- 
reaction,  all  of  which  tend. to  prevent  the  current  from  rising  to 
a  high  value,  even  when  the  machine  is  short-circuited.* 

Series  Arc-Lighting  System.  —  The  general  arrangement  of  the 
apparatus  and  circuit  is  represented  in  Fig.  1.  The  dynamo  and 
lamps  may  be  selected  from  the  various  well-known  and  thoroughly 
successful  forms  of  constant-current  arc-lighting  apparatus.  The 
determination  of  the  proper  size  of  wire  is  not  very  difficult.  Gen- 
eral custom  and  considerations  of  strength  require  that  no  wire 
smaller  than  No.  8,  A.  W.  G.,  should  be  used.  Similarly  it  would 
not  usually  be  necessary  to  employ  a  conductor  larger  than  No.  4, 
because  the  potential  being  high,  and  the  current  small,  the  loss  of 
energy  is  not  great,  even  in  a  wire  several  miles  in  length.  To 
take  a  specific  case,  let  us  assume  a  circuit  five  miles  long,  supply- 
ing 80  arc  lamps,  the  potential  being  4,000  volts  and  the  current 
10  amperes.  If  No.  6  wire  is  used,  the  resistance  would  be  2,1 
ohms  per  mile,  or  10.5  ohms  for  the  whole  line.  This  involves 
a  drop  of  105  volts  and  a  loss  of  energy  of  1,050  watts,  which  is 
only  2.63  per  cent ;  consequently  it  is  evident  that  the  use  of  a 
little  larger  or  a  little  smaller  wire  would  not  .seriously  affect  the 
economical  working  of  such  a  line.  The  substitution  of  No.  8 
for  No.  6  wire  would  save  one-half  the  loss  of  energy,  the  cross- 

*  For  a  description  of  such  machines  see  Vol.  I.,  p.  3^0. 
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section  and  weight  being  twice  as  great,  and  the  cost  of  the  insu- 
lated conductor  would  be  nearly  doubled.  With  No.  6  wire  the 
total  weight  of  copper  would  be  2,0 H 8  pounds,  and  the  cost  of  the 
wire  (insulated)  would  be  about  l^oOO.  It  is  doubtful  if  it  would 
be  wise  to  invest  an  additional  $500  in  order  to  use  No.  3  wire 
and  save  one-half  the  energy  or  525  watts. 

The  New  Brush  Arc-Lighting  System  is  an  interesting  case 
of  series  distribution.  In  the  original  type  of  Brush  dynamo  the 
armature  is  provided  with  two  or  more  separate  opcn-coil  windings^ 
connected  to  a  corresponding  number  of  commutators.  The  cir- 
cuit leads  through  these  windings  in  series,  so  that  the  construc- 
tion may  be  regarded  as  equivalent  to  several  armatures  in  series. 
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This  arrangement  is  represented  diagrammatically  in  Fig.  3, 
which  A,  />,  and  Care  three  commutators  connected  in  series  with 
each  other  and  with  the  line  that  supplies  a  number  of  lamps, 
L,  L,  etc,  in  the  usual  manner.  Assuming  each  armature  wind- 
ing to  generate  2,000  volts,  the  t(jtal  /i,Af.F.  of  the  machine  will 
be  6,000  volts.  The  distribution  of  potential  in  this  ca.sc  is  shown 
in  Fig-  4,  the  +  brush  of  C  being  -|-  3,000  volts,  and  the  —  brush 
of  A  being  —  3,000  volts,  with  respect  to  the  potential  of  the 
earthp  which  is  represented  by  the  zero  line  00.  The  fall  of 
potential  through  the  circuit  is  indicated  by  the  inclined  lines,  P  O 
and  O  N',  the  total  amount  being  0,000  volts,  and  the  middle  point 
being  zero.  This  assnmes  an  ideal  case  with  a  uniform  distribu- 
tion of  conductor  resistance  and  insulation  resistance,  but  would 
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be  approximately  true  for  a  practical  case  in  which  the  system  was 
in  good  condition.     If  the  insulation  of  some  portion  of  the  circuit 
became  poor,  it    would 
tend  to  make  the  poten-  Pi>c»-6000 

tial  at  that  point  ap- 
proach zero,  producing 
a  corresponding  change 
in  the  rest  of  the  cir- 
cuit. For  example,  a 
ground  connection  at 
the  negative  terminal  N 
would  bring  that  point 
to  zero,  and  the  positive 
terminal  P  would  then 
become  +  6,000  volts,  as  represented  in  Fig.  6. 

The  new  Brush  system,  illustrated  in  Fig.  6,  differs  from  the 
old  in  the  fact  that  the  lamps,  Z,  Z,  are  inserted  in  the  circuit 
between  the  commutators  A^  By  and  Q  in  which  case  the  line  con- 
sists of  three  loops.  With  this  arrangement,  the  E.M.F.  generated 
by  each  of  the  three  armature  windings  is  consumed  by  the  lamps 
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Rg.6.  Fig.  7. 

Figs.  0  and  7.    Ntw  Arrangtmtnt  of  Brush  Are  Lighting  Systsm. 


between  it  and  the  next  armature  winding,  so  that  the  potential 
does  not  rise  above  -f  1,000  volts,  or  fall  below  —  1,000  volts,  in 
the  ideal  case  represented  in  Fig.  7.  Even  if  the  circuit  becomes 
grounded  at  any  point,  the  potential  will  nowhere  exceed  2,000 
volts,  and  the  maximum  difference  of  potential  existing  between 
any  portions  of  the  circuit  will  not  be  greater  than  this  amount. 
A  voltmeter  connected  across  from  the  —  brush  of  B  to  the  -f 
brush  of  C  would  only  indicate  2,000  volts,  in  spite  of  the  fact 
that  the  E.M.F.  generated  between  those  points  is  4,000  volts,  tVvt 
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remaining  2,000  volts  being  used  in  the  lamps  between  B  and  C. 
This  reduction  or  subdivision  of  the  total  E,M.F.  is  the  advantage 
of  this  system,  and  avoids  the  dangers  involved  in  the  use  of  the 
ordinary  types  of  machine  for  supplying  a  large  number  (50  to 
200)  of  arc  lamps  in  series.  On  the  other  hand,  it  is  necessary 
to  arrange  the  line  in  several  loops  instead  of  having  one  long  cir- 
cuit. In  Fig.  6,  for  example,  there  would  be  six  wires  running 
out  from  the  station,  while  Fig.  3  would  only  require  two.  Never- 
theless, the  former  plan  may  be  preferable  to  the  operation  of 
three  separate  dynamos,  which  would  be  less  efficient,  occupy  more 
space,  and  demand  more  attention  than  a  single  large  machine. 

If  desired,  the  number  of  lamps  on  any  loop  may  be  increased 
or  decreased,  since  the  current  is  kept  constant  by  a  regulator  on 
the  dynamo  ;  and  it  is  quite  immaterial  where  the  resistance  is 
introducetl  in  a  series  circuit.  In  fact,  any  or  all  of  the  lamps  may 
be  cut  out,  or  they  may  be  put  upon  two  loops  and  none  on  the 
third,  or  the  full  load  may  be  placed  on  a  single  loop,  in  which 
case  the  arrangement  reduces  to  the  ordinary  one  shown  in  Fig.  S. 
When  the  number  of  lamps  on  any  loop  ts  augmented  or  diminished, 
the  potential  difference  between  its  terminals  varies  in  direct  pro- 
portion, so  that  two-thirds  of  the  lamps  on  one  loop  would  require 
vlP.D.  of  4,000  volts  between  the  brushes  to  which  it  is  connected. 
This  gives  great  flexibility  to  the  system,  and  provided  the  lamps 
are  not  very  unequally  divided,  the  pressure  is  not  excessive  on 
any  one  loop.  It  should  be  noted  that  in  either  the  old  or  the 
new  system,  the  full  E.M.F.  of  0,000  volts  would  be  found  to  exist 
if  the  circuit  be  opened  at  any  point.  Indeed,  the  P,D.  would 
tend  to  rise  momentarily  considerably  above  the  normal  voltage.* 

Series  Incandescent  Lamps  on  Arc  Circuits.  —  Several  forms  of 
incandescent  lamps  have  been  designed  and  manufactured  for  use 
on  the  regular  10-ampcrc  arc  circuits.  These  consist  of  lamps 
similar  in  general  principle  and  construction  to  those  used  for  con- 
stant potential,  parallel  distribution,  but  containing  a  shorter  fila- 
ment of  larger  cross-section  that  is  sufficiently  heavy  to  carrj'  the 
full  current  of  10  amperes. 

The  most  important  consideration  is  that  of  maintaining  the 
continuity  of  the  circuit  when  the  filament  of  any  lamp  happens  to 
break,  which  might  occur  at  any  time.     This  may  be  accomplished 

•  Vol.  I.,  p.  331. 
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by  some  form  of  cut-oiit,  which  short-circuits  the  lamp  when  the 
filament  is  broken.     One  type  of  this  device  is  called  a  "  film  cut- 
out," and    consists  of  a  thin  sheet,  F^  of  paper  or  other  material 
interposed  between  the  points  P  and  P  connected  to  the  conduc- 
tors A  and   B  which  enter  and  leave  the  lamp,  as  represented  in 
Fig.  8.     This  film  obliges  the  current  to 
pass  througH  the  lamp  so  long  as  the  fil- 
ament is    intact ;    but  when  the  latter 
breaks,  the  difference  of  potential  rises 
from  its  ordinary  value  of  10  or  20  volts 
to  the  full  £.M.F.  of  the  circuit,  which 
is  usually  several  thousand  volts.     This 
high  pressure  is  sufficient  to  puncture 
the  film,  allowing  the  current  to  pass  di- 
rectly across  between  the  points  P  and         „.    ^^  ^  f'?'  \  ,    , 

'  ^  Film  Cut-Out  for  Serlta  Incan- 

P,  thus  short-circuiting  the  lamp  and  re-  descent  Lamp. 

establishing  the  continuity  of  the  circuit. 

In  some  cases  a  small  automatic  switch  is  employed,  which  is 
caused  to  close  and  short-circuit  the  lamp  by  means  of  a  magnet 
connected  across  as  a  shunt  between  the  leads  of  the  lamp.  The 
coils  of  this  magnet  are  of  high  resistance,  and  carry  little  current 
until  the  filament  is  broken,  when  the  full  current  is  thrown 
through  them,  causing  the  switch  to  close. 

«« Municipal'*  Series  Incandescent  Lighting  Systems.  —  These 
are  similar  to  the  preceding ;  but  instead  of  operating  with  a  stan- 
dard arc-lighting  current  of  10  amperes,  they  are  usually  designed 
for  about  3  or  3.5  amperes.  This  gives  a  filament  of  sufficient 
length  and  cross-section  to  be  durable,  and  yet  does  not  require 
excessively  large  leading-in  wires.  The  lamps  are  made  of  various 
sizes,  requiring  about  one  volt  per  candle-power.  The  practice 
with  this  system  is  to  feed  the  circuit  with  a  constant  potential, 
usually  from  500  to  1,000  volts,  several  of  such  circuits  being  or- 
dinarily operated  in  parallel  by  the  same  dynamo,  Z?,  as  represented 
in  Fig.  9.  This  arrangement  is  therefore  2l  parallel-scries  system. 
When  the  filament  of  a  lamp  breaks,  and  it  is  automatically  cut 
out  of  the  circuit,  the  current  increases  in  strength,  since  the  total 
resistance  is  reduced,  the  potential  remaining  constant.  This  in- 
crease of  current  is  indicated  by  an  ampere  meter,  or  current  indi- 
cator A  placed  in  each  circuit,  and  is  corrected  and  brought  back 
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to  its  normal  value  by  switching  in  an  extra  or  "relief"  lamp  Zj,  at  I 

the  station.  This  is  usually  done  by  an  attendant  who  is  kept  on 
duty  to  watch  the  various  circuits.  The  system  is  rather  a  crude 
one,  and  is  rarely  used  except  for  street-lighting  in  place  of  arc 
lights  where  the  more  powerful  light  of  the  latter  is  not  required. 
Either  the  direct  or  alternating  current  is  applicable  to  this  method 
of  distribution,  and  both  have  been  used  The  current  capacity 
of  the  dynamo  must  be  sufficient  to  supply  the  various  circuits  in 
parallel.  In  the  case  shown  (Fig.  9),  the  current  required  would 
be  15  amperes,  since  there  are  5  rows  of  lamps,  each  taking  3  am-  i 
peres.  With  10  lamps  of  50 -candle-power  and  50  volts  in  series, 
the  dynamo  should  operate  at  a  constant  potential  of  600  volts.  A 
shunt  or  compound  wound  direct  current  machine,  or  a  separately 
excited  or  composite  alternator,  would  be  suitable  for  the  purpose,  j 
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In  the  case  of  the  compound  or  composite  machines  they  should 
simply  give  an  absolutely  constant  potential,  since  the  number  of 
lamps,  and  therefore  the  drop,  on  each  circuit  is  constant. 

Series-Parallel  Incandescent  Lighting  Systems  may  be  arranged 
in  the  manner  indicated  in  Fig.  10.  Several  lamps  are  arranged 
in  parallel  to  form  a  group,  and  a  number  of  such  sets  are  con- 
nected in  series,  as  shown.  It  is  rwt  necessary  for  the  groups  to 
be  identical,  provided  they  are  all  adaptetl  to  take  the  same  current 
in  amperes,  which  should  be  kept  constant,  and  provided  the 
lamps  of  each  set  agree  in  voltage.  For  example,  on  the  ordinary 
10-ampere  arc  circuit,  one  group  might  consist  of  5  lamps,  each 
requiring  50  volts  and  2  amperes ;  the  next  might  be  composed  of 
10  lamps,  each  taking  100  volts  and  1  ampere,  and  so  on. 

Such  groups  have  been  used  directly  on  the  ordinary  series  arc- 
Jighting  circuits  (constant  current),  like  the  series  incandescent 
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lamps  described  on  page  24.  The  former  arrangement  is  even 
less  practical  than  the  latter,  and  is  also  inferior  to  the  "  muni- 
cipal "  system,  since  a  lamp  which  breaks  or  burns  out  cannot  be 
either  short-circuited  or  compensated  for  by  adding  a  lamp  in  the 
station.  To  provide  for  this  contingency,  which  is  likely  to  be 
of  frequent  occurrence,  a  local  device  is  required  for  each  group, 
which  will  either  connect  a  new  lamp  whenever  any  one  of  the 
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lamps  fails,  or  short-circuit  the  entire  group.  This  is  such  a  com- 
plicated and  unreliable  arrangement  that  the  system  is  not  a  very 
practical  one. 

Alternating  Current  Series  Systems.  —  Each  of  the  direct  cur- 
rent series  systems  that  have  been  described  has,  or  at  least  might 
have,  a  counterpart  alternating  current  system.  The  general 
arrangement  and  method  of  operation  would  remain  substantially 
the  same;  but  as  the  phenomena  of  alternating  currents  differ 
in  some  respects  from  those  of  direct  currents,  the  discussion  of 
such  systems  will  be  given  in  the  chapters  on  Alternating  Current 
Distribution. 
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CHAPTER    III. 
FAKAliLEIi   S7STEMS    OF   ELECTRICAL   DISTRIBUTION. 

In  contradistinction  to  the  series  connection  of  lamps  or  other 
devices  to  be  supplied  with  electrical  energy,  the  other  common 
method  of  distribution  is  X\\e  famiiel  or  muiiipie  arc  arrangement 
represented  in  Fig.  11.  Assuming  that  four  lamps,  each  taking 
one  ampere,  are  to  be  fed,  the  current  generated  by  the  dynamo  D 
should  be  4  amperes,  which  divides  at  the  point  where  the  first 
lamp  is  connected,  and  1  ampere  flows  through  it.  The  remaining 
3  amperes  pass  on  to  the  next  lamp,  and  so  on.  The  current  sup- 
plied by  the  source  should  be  equal  to  the  sum  of  the  amperes 


'T' 


112 


4Arnp.  3  Amp.        _     J^*^?-  l*'"?- 


VZT 


4Amp.  3Amp.  2Amp. 

Rg.  tl.    Principle  of  Paraitat  Omrlbutlon. 


required  by  all  of  the  lamps  or  other  devices  that  are  connected  at 
any  given  time.  The  voltage  should  be  as  nearly  constant  as  pos- 
sible ;  hence  the  system  is  designated  as  constant  potential,  but  this 
is  only  approximately  true.  In  the  ca.se  illustrated,  the  dynamo 
generates  112  volts,  which  is  slightly  reduced  by  the  resistance  of 
the  wires  until  it  falls  to  110  volts  at  the  last  lamp. 

Parallel  systems  are  far  more  important  in  electrical  distribu- 
tion than  series  systems  ;  since  practically  all  incandescent  lamps, 
a  large  proportion  of  arc  lamps,  and  nearly  all  electric  motors,  are 
supplied  by  them.  Constant  potential  circuits  are  usually  more 
complicated  than  the  simple  series  systems,  there  being  only  a 
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single  path  for  the  current  in  the  latter  case,  while  with  parallel 
connections  there  are  a  number  of  branching  paths.  Furthermore, 
the  maintenance  of  a  uniform  voltage  over  a  large  district  is 
exceedingly  difficult.  The  '*drop"  or  loss  of  voltage,  due  to  the 
resistance  of  conductors,  which  has  already  been  discussed  on 
page  9,  is  particularly  objectionable  in  incandescent  lighting,  since 
the  slightest  decrease  of  potential  pro<luces  a  very  considerable 
diminution  of  light.  For  example,  the  candle-power  of  an  ordinary 
lamp  is  reduced  from  16  to  15,  which  is  more  than  6  per  cent, 
when  the  pressure  falls  from  110  to  109  volts,  or  less  than  1  per 
cent  Such  a  very  small  variation  in  pressure  would  hardly  be 
appreciable  m  any  other  practical  work,  such  as  steam ,  or  gas 
distribution. 

The  drop  in  pressure  produces  three  different  effects  in  the 
lamps  or  other  devices  supplied  by  parallel  circuits  :— < 

(1")  All  of  the  lamps  receive  a  lower  voltage  than  that  gene- 
rated by  the  source  of  electrical  energy. 

(2)  Some  lamps  may  be  supplied  with  a  lower  pressure  than 
others. 

(3)  The  potential  at  some  lamps  may  var)'  when  others  are 
thrown  on  or  off  the  same  circuit. 

The  least  harmful  of  these  effects  is  the  first,  which  merely 
requires  the  generator  to  be  run  at  a  little  higher  voltage,  and  does 
not  necessarily  involve  any  difference  between  the  candle-power  of 
the  lamps,  since  the  drop  may  be  made  substantially  the  same  for 
all  of  them  by  some  of  the  methods  described  later. 

On  the  other  hand,  variations  in  the  candle-power  of  lamps,  due 
to  either  of  the  last  two  effects,  are  extremely  objectionable  and 
difficult  to  overcome.  In  order  to  study  these  problems  let  us  take 
a  specific  case,  and  assume  that  100  incandescent  lamps  are  to  be 
supplied  with  electric  current.  They  are  supposed  to  be  divitled 
into  five  groups  of  20  lamps  each  ;  each  lamp  requires  a  current  of 
110  volts  and  one-half  ampere,  and  gives  16  candle-power ;  there- 
fore one  group  takes  10  amperes,  the  total  current  being  50  am- 
peres. The  members  of  each  group  of  lamps  are  connected  in 
parallel  in  the  usual  manner,  but  will  be  indicated  by  a  single  line 
in  the  following  diagrams  in  order  to  avoid  confusion.  These 
groups  are  assumed  to  be  200  feet  apart  in  a  straight  line,  making 
a  total  distance  of  800  feet  between  the  extreme  groups,  as  shown 
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in  Fig.  18.     The  five  groups  of  lamps  represented  by  the  light 
vertical  lines  are  connected  together  by  two  conductors,  which  areA 
shown  as  heavy  horizontal  lines.     Tliese  conductors  correspond  to" 
the  so-called  mains  in  electrical  distribution  systems,  to  which  are 
connected  the  leads  or  small  branch  wires  actually  supplying  the 
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Fig,  12,    Arrangtmeni  of  feedtrs  and  Mains. 
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lamps,  The  mains  receive  their  current  through  fiedtrrs^  AA 
BE,  which  connect  them  with  the  generating  plant  Z?,  as  represented 
in  Fig.  12.  As  a  general  rule  no  lamps  are  connected  directly  to 
the  feeders.  The  celebrated  "  Feeder  and  Main  "  patent  of  Edi^ 
son  *  covered  this  arrangement  of  electrical  conductors. 

In  the  first  case,  represented  in  Fig.  13,  the  mains  are  suppose 
to  be  fed  at  one  end,  the  feeding-points  being  represented  by  shor 
vertical  lines  marked  +  and  —  respectively.     The  mains  are   as«? 
sumcd  to  consist  of  No.  0000  wire,  A.  W.  G.,  which  would  weigh. 
1,023  pounds  for  1,600  feet  required.     Each  section  of  the  mainM 
consists  of  200  feet  of  No.  0000  wire,  and  has  a  resistance  of  about 
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.01  ohm.     The  current  in  the  first  section  of  the  -f  main 
amperes,  since  it  supplies  4  groups  of  lamps  taking  10  amperes' 
each,  hence  the  drop  is  40  x  .01  =  .4  volt.     Similarly  the  drops  in 
the  other  three  sections  are  found  to  be  .3  .2  and  .1  volts  respecs 
tively.     The  drop  in  the  —  main  has  exactly  the  same  values,  but  is 
in  the  opposite  direction,  the  fall  of  potential  being  always  in  thCj 

•  U.  S.  Patent,  No.  264,042,  Sept.  19,  1882. 
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direction  in  which  the  current  flows.  The  distribution  of  potential 
b  shown  in  an  exaggerated  manner  in  Fig.  1-4.  It  will  be  seen  that 
a  potential  of  111  volts,  supplied  at  the  feeding-points,  gives  109 
volts  at  the  other  end,  therefore  no  lamp  receives  a  pressure  more 
than  one  volt  greater  or  less  than  the  normal  value  of  110  volts. 

The  horizontal  axis  00  would  represent  the  line  of  zero  poten- 
tial when  the  system  is  uniformly  insulated,  in  which  case  the 
potentials  of  the  mains  at  the  feeding-points  would  be  +  55.5  volts 
and  -  55.5  volts  respectively.  A  defect  in  the  insulation  at  any 
point  would  tend  to  cause  the  potential  of  that  point  to  approach 
zero,  as  already  explained  in  connection  with  Figs.  4  and  5  ;  and 
if  the  —  feeding-point  were  grounded,  the  +  feeding-point  would 


Fig.**. 

Flq.  14.    Potential  Diagram  Corresponding  to  Fig.  13. 


become  -1-111   volts,  all   the   potentials   having   positive   values. 
But  the  potential  difference  would  remain  the  same  in  all  cases. 

Tapering  Conductors.  —  The  use  of  tapering  or  "  conical "  con- 
ductors in  place  of  the  ordinary  cylindrical  ones  is  hardly  practica- 
ble, on  account  of  the  difficulty  of  making  a  wire  or  rod  of  that 
form.    It  is  possible,  however,  to  use  a  jointed  conductor  com- 
posed of  sections  of  different  sizes  of  wire.     The  object  of  such 
an  arrangement  is  to  proportion  the  cross-section  of  the  conductor 
to  the  current  which  it  has  to  carry  in  cases  where  the  current 
varies  from  point  to  point,  this  being  the  usual  condition  in  parallel 
distribution.      If  Fig.  13  be  modified  in  such  a  way  that  the  size 
of  each  section  of  the  main  is  proportional  to  the  current  passing 
through  it,   Fig.  15  is  obtained.     In  this  case  the  drop  in  each 
section  will  be  .25  volts,  being  the  same  for  all.     Hence  the  po- 
tential falls  uniformly  from  the  +  feeding-point  to  the  end  of  the 
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main,  and  would  be  represented  by  a  straight  line,  instead  of  the 
broken  one  in  Fig.  14. 

It  is  sometimes  stated  that  the  use  of  tapering  mains  secures 
economy  in  copper,  but  such  is  not  the  case  in  ordinary  parallel 
distribution.  The  weight  of  copper  required  in  Fig,  15  is  1,013 
lbs.,  which  is  practically  the  same  as  the  1,025  lbs.  called  for  in 
Fig,  13.  The  fallacy  arises  from  the  fact  that  the  conductor  is 
assumed  to  be  a  tnie  cone»  the  elements  of  which  are  straight  lines. 
As  a  matter  of  fact,  the  elements  would    curve  outward  since  the 

cone   should   be   one-half  the  cross-section,  or  —=■—.707  of  the 

V2 

diameter  at  a  point  midway  between  the  base  and  the  apex,  in- 
stead of  one-half  the  diameter. 
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Fig.  IS,     Tapering  Mains;  1,013  lbs.  of  Copper ;  2  Vults  Max.  Difference  Beiumen  Lamp*; 
111  VoitM  at  Feealng-Polnta ;  1  Voit  Average  Drop. 


Tapering  conductors  give  a  uniform  dropj  as  already  state 
and  the  average  drop  is  slightly  less  than  with  cylindrical  wires, 
being  1.2  volt  in  Fig.  13,  and  1  volt  in  Fig.  15.  This  is  not  a 
matter  of  great  consequence,  however,  as  it  is  customary  to  con- 
sider the  maximutn  drop  in  electrical  distribution,  and  that  is  the 
same  for  the  two  cases  when  all  the  lamps  arc  connected.  If  only 
the  first  groups  of  lamps  were  lighted,  the  tapering  conductors 
would  give  considerably  less  dn>p  than  cylindrical  ones.  Never- 
theless, it  is  doubtful  in  practice  if  the  advantages  are  worth  the 
extra  trouble  of  laying  and  connecting  several  different  sizes  of 
wire.  Where  the  distances  are  considerable,  and  where  joints  or 
cut-outs  would  be  introduced  in  any  event,  it  may  be  desirable  to 
vary  the  size  of  a  main  in  proportion  to  the  current  it  is  to  carry 
at  different  points.  In  this  discussion  it  is  of  course  assumed 
that  the  conductor  must  always  have  sufficient  current  capacity, 
whether  it  be  tapering  or  cylindrical. 


PARALLEL  SYSTEMS  OF  ELECTRICAL   DISTRIBOTJON.       33 

In  the  next  case,  Ptg.  10,  the  mains  are  supposed  to  be  fed  at 
their  centers,  as  shown.  In  this  arrangement  No.  2  wire,  weighing 
321-5  lbs.,  gives  almost  exactly  the  same  variations  of  potential 
as  in  the  two  preceding  cases,  the  maximum  pressure  being  111 
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fig.  16.    Fwedlng  at  Middle  of  Mains;  321.5  lbs.  Copper;  1.92  Volts  ¥%ic.  Olffcrvnee  BetuMXH 
Lamp*:  111  Volts  at  fteding-Polnts ;  1.9  Vatts  Average  Drop. 

volts  and  the  minimum  109.08  volts.  This  shows  that  a  great 
saxnng  of  copper  is  effected  by  simply  feeding  the  mains  in  the 
middle  rather  than  at  the  ends.  Theoretically,  it  would  only  re- 
quire one-quarter  as  much  co|>per  in  the  former  case.  This  is 
easily  seen,  when  it  is  considered  that  the  mains  in  Fig.  16,  on 
each  side  of  the  feeding-point,  are  one-half  as  long,  and  carry  about 
one-half  as  much  current,  as  those  in  Fig,  13,  consequently  the 
conductor  need  only  have  one-quarter  of  the  cross-section  to  give 
the  same  drop.  The  weight  is  found  to  be  slightly  more  than 
one-<iuarter  in  the  example,  because  the  average  current  is  in  the 
proportion  of  15  to  25  instead  of  1  to  2. 

The  next  case,  I'ig.  17,  represents  the  mains  fed  at  opposite 
jints.     This  was  formerly  called  the    IVerdfrfnann  system,  after 
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I  17.    feeding  at  Oppotite  Ends  of  Mains;  202.2  Ibe.  Copper  ;  2  Votta  Max.  Difference  Between 
Lampt;    116  Volts  Betuteen  Feeding-Pofnta ;  0  Volte  Average  Drop. 

itft  inventor,  but  is  now  known  as  the  atiti-paralic!  or  retitrn  loop 
method  of  distribution.  In  this  case  the  same  length  (1,600  feet) 
of  No,  4  wire,  weighing  only  202.2  lbs.,  gives  an  ecjually  good 
distribution  of  potential.     It  is  sometimes  supposed  that  this  ar- 
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rangcment  must  give  a  perfectly  uniform  pressure  at  the  lamps, 
since  the  sum  of  the  distances  of  each  lamp  from  the  feeding- 
points  measured  on  the  two  mains  is  a  constant.  As  a  matter  of 
fact»  however,  the  middle  lamps  will  receive  a  lower  voltage  than 
those  at  the  ends,  as  shown  in  the  diagram.  This  is  due  to  the 
fact  that  the  former  are  supplied  through  the  portions  of  the  main 
conductors  which  carry  heavy  currents,  and  in  which  the  drop  is 
greatest.  For  -example,  the  drop  on  the  mains  in  the  case  of  the 
central  group  of  lamps  is 

2+1.5  +  1.5  +  2^7votts, 

but  for  the  end  group  of  lamps  it  is  only 

2  + 1.6  H- 1  +  0.5  =  5  volts. 

It  is  possible,  however^  to  secure  a  perfectly  uniform  pressure 
all  points  between  the  mains,  if  their  cross-section  is  made  propor- 
tional to  the  current  in  each  section  by  the  use  of  the  so-called 
b^nical  conductors  already  described.  In  this  way  the  drop  in  A 
'^1&ach  section  will  be  the  same,  and  each  group  of  lamps  will  receive 
exactly  the  same  pressure,  being  equal  to  the  difference  of  poten- 
tial between  the  feeding-points  minus  the  drop  in  four  sections.       ■ 

In  the  next  example  the  mains  are  fed  at  distributed  points  as 
represented  in  Fig.  18.     In  this  case  No.  7  wire,  weighing  only 
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101  lbs.,  gives  no  greater  variation  in  voltage  (i.e.  one  volt  from 
the  normal)  than  No.  0000  wire,  weighing  1,025  lbs.,  in  Fig.  13. 
These  examples  show  the  great  diflferencc  that  is  made  by  chan-  _ 
ging  the  points  at  which  the  feeders  are  connected  to  the  mains.     | 

It  should  he  carefully  noted,  however,  that  in  both  the  last 
two  cases  (Figs.  17  and  18)  the  feeders  must  supply  116  volts  to 
the  mains  instead  of  only  111  volts,  as  in  the  preceding  e.\amples 
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(Figs.  13,  15,  and  16).  In  Fig.  17,  for  instance,  the  difference  of 
potential  between  the  feeding-points  +  and  —  must  be  116  volts, 
in  order  that  the  end  group  of  lamps  A  shall  receive  111  volts, 
since  there  is  a  drop  of 

2  4- 1.5  -f  1  -f  0.5  =  6  volts. 

in  the  upper  main.  Similar  reasoning  applies  to  the  group  A  in 
Fig.  18,  the  drop  being  3+2  =  5  volts.  This  necessity  for  sup- 
plying a  considerably  higher  voltage  at  the  feeding-points  of  the 
mains  is  disadvantageous  in  two  respects.  First,  it  involves  a  loss 
of  power  in  watts  equal  to  the  extra  pressure  multiplied  by  the 
total  current ;  and  second,  it  may  allow  great  variations  in  poten- 
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FI9.  10.    CloMi  Ring;  2.000  ft  No.  8;  100  lbs.  Copper;  115.23  Volts  Between  Feedlng- 
Polnta;  1.05  Volts  Max.  Difference  Between  Lamps;  5.53  Volts  Average  Drop. 

tial  to  occur  when  a  large  number  of  lamps  are  thrown  on  or  off 
the  circuit.  For  example,  if  all  the  lamps  except  one  were  put  out, 
the  remaining  one  would  receive  practically  the  full  pressure  of 
116  volts.  This  may  be  overcome  by  reducing  the  voltage  of  the 
feeders  when  lamps  are  disconnected,  either  by  automatic  or  hand 
regulation,  employing  some  of  the  methods  described  later ;  but  it 
is  evidently  simpler  to  maintain  the  same  pressure  at  the  feeding- 
points.  On  the  other  hand,  the  drop  in  the  feeders  themselves 
must  be  overcome  by  raising  the  voltage  at  the  generating  plant 
when  the  current  carried  by  them  increases.  In  such  cases  it  may 
not  involve  very  much  additional  trouble  to  regulate  for  the  drop 
in  the  mains  as  well  as  for  that  in  the  feeders. 


A  further  extension  of  the  principles  shown  in  Figs.  17  and  18 
is  indicated  in  Fig.  19,  in  which  five  groups  of  lamps  are  connected 
across  the  mains,  which  fomi  complete  circles,  being  fed  at  diamet- 
rically opposite  points.  In  this  case,  2,000  feet  of  No.  8  wire, 
weighing  100  lbs.,  is  used,  instead  of  1,000  feet,  as  in  the  previ- 
ous examples.  A  similar  arrangement  is  shown  in  Fig.  20  ;  but 
the  lamps  are  assumed  to  be  divided  into  four  groups,  of  25  lamps 
each.  All  the  lamps  receive  exactly  the  same  voltage,  1,600  feet  ■ 
of  No.  10  wire,  weighing  only  50  lbs.,  being  required.  This  exact 
equality  in  voltage  is  due  to  this  being  a  special  case,  in  which  the 
lamps  happen  to  be  symmetrically  placed  wilh  respect  to  the  feed- 
ing-points.    Tn  Fig.  17,  for  example,  the  second  and  fourth  groups 
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of  lamps  have  exactly  the  same  voltage,  since  they  are  equally  dis- 
tant from  the  feeders.  The  pressure  at  the  feeding-points  is  117.5 
volts  in  Fig.  20,  being  higher  than  in  any  of  the  other  cases.         f 

Individual  Conductors.  —  The  most  certain  way  to  obtain  a 
constant  voltage  in  parallel  distribution  is  to  provide  each  lamp 
or  group  of  lamps  with  its  own  particular  conductors.  One  arrange- 
ment of  this  kind  is  illustrated  in  Fig.  21,  five  groups  of  lamps,  ■ 
each  taking  10  amperes  and  placed  200  feet  a]>art,  being  assumed, 
as  in  the  previous  examples.  The  feeding-points,  marked  -f-  and 
— ,  are  supposed  to  be  located  at  some  distance  from  the  lamps, 
as  shown.  The  pair  of  conductors  that  supply  each  g^oup  are  so 
proportioned  in  size  and  length  that  the  drop  has  an  equal  value 
for  all  of  the  groups.     This  condition  will  be  secured  if  the  croi 
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sections  of  the  various  conductors  are  respectively  proportional 
to  their  lengths.  For  example,  a  conductor  twice  as  long  as 
another  should  have  double  the  cross-section,  so  that  the  resis- 
tance of  the  two  will  be  equal.  If  the  currents  are  not  the  same 
for  the  different  conductors,  the  cross-sections  should  be  further 
modified  in  proportion  to  the  currents.     In  other  words,  for  all  of 

the  pairs  of  conductors,  the  fraction  -  should  have  the  same  value, 

a 

/being  the  current  in  amperes,  /  the  total  length  of  both  conduc- 
tors, and  a  the  cross-section. 

It  is  not  apparent  what  advantages  this  plan  of  using  individual 
wires  has  over  the  arrangements  already  described,  the  weight  of 
copper  being  even  greater  than  that  in  Fig.  18,  for  example.    The 


%  27.    tndMdual  Comtueton;  Unequal  Lengths;  186  lbs.  Copper:  No  Difference  of  Voltage 
Between  Lamps;  115  Volts  Between  Feedlng-Pointa ;  S  Volte  Drop. 

answer  is  to  be  found  in  the  fact  that  the  groups  of  lamps  in 
Fig.  21  are  not  only  equal  in  potential  when  all  are  burning,  but 
they  are  also  independent  of  one  another,  the  turning  on  or  off 
of  one  or  more  groups  not  affecting  the  others,  provided  that  the 
voltage  at  the  feeding-points  -f  and  —  be  kept  constant.  In 
the  preceding  cases,  the  throwing  off  of  some  lamps  would  vary 
the  pressure  of  all  the  others.  In  fact,  it  was  pointed  out  that 
disconnecting  every  lamp  but  one  would  raise  its  potential  practi- 
cally the  whole  amount  of  the  drop,  which  was  five  or  six  volts  in 
some  instances.  It  was  also  stated  that  the  remedy  for  this  vari- 
ation consists  in  regulating  the  pressure  at  the  feeding-points. 
Thus  it  appears  that  it  is  necessary  to  maintain  a  constant  voltage 
at  the  feeding-points,  with  some  arrangements  of  conductors,  and 
a  variable  voltage  with  others.  These  questions  will  be  considered 
later  under  feeder  regulation. 
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Fig.  22  represents  another  example  of  individual  conductors, 
but  in  this  case  each  group  of  lamps  is  supplied  through  the  same 
total  length  of  conductor  ;  i.e.,  800  feet  of  No.  8  wire,  having  0.5 
ohm  resistance.  Consequently  the  drop  is  five  volts  for  all,  since 
each  group  takes  10  amperes.  The  advantage  of  this  plan  over 
that  shown  in  Fig.  IT,  which  it  somewhat  resembles,  is  the  free- 
dom from  interference  already  explained.  It  shtnild  be  noted, 
however,  that  in  either  Fig,  21  or  22  the  turning  off  of  a  portion 
of  the  lamps  in  one  particular  cluster  would  affect  the  remaining 
ones  in  that  group.  In  order  to  secure  complete  independence 
of  operation  for  every  lamp  in  a  system,  it  would  be  necessary  to 
provide  each  one  with  its  own  individual  wires.  This  is  practi- 
cally out  of  the  question  in  almost  all  cases  ;  but  it  can  be  approx- 
imated more  or  less  closely,  the  tendency  in  the  best  practice 
being  to  subdivide  the  circuits  and  reduce  the  number  of  lamps 
on  each,  as  far  as  economy  and  simplicity  will  reasonably  allow. 
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CaLculatit^ns  of  Drop,  Weight,  etc.,  of  Mains. — ^The  examples 
already  given  (Figs.  13  to  22)  show  the  icsuks  obtained  by  differ- 
ent arrangements  of  mains  and  feeding-points  in  parallel  distribu- 
tion. These  cases  having  been  treated  concretely  with  definite 
sizes  of  wire,  voltages,  currents,  etc.,  bring  out  the  facts  clearly, 
and  are  intelligible  to  those  who  may  not  possess  special  mathe- 
matical knowledge.  It  will  he  well,  however,  to  discuss  these  im- 
portant problems  in  a  more  genera!  way  before  dismissing  them. 
For  this  purpose  the  following  symbols  may  be  adopted:  — 

L  is  the  length  of  each  main  in  any  desired  units; 
/,  the  length  of  each  section  of  main  (i.e.  between  ndjacent  lamps)  ; 
/^  and  — /,.  the  currents  in  the  two  mains  at  the  feeding-points; 
i  and  — #',  the  currents  in  the  two  mains  at  the  point  x-^ 
F0  and  7',,,  the  potentials  on  the  two  m;\ins  at  the  feeding-points; 
Wp,  the  potential  difference  between  the  two  f.-edinj^-poinls,  or  between 
one  feeding-point  and  the  opposite  point  on  the  other  main  ; 
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T— z^  =  </,  the  potential  difference  between  the  two  mains  at  any 

point  distant  x  units  from  -f  feeding-point ; 
2?,  the  fall  of  potential  or  "  drop  "  at  any  given  lamp  with  respect  to  the 

difference  of  potential  between  the  two  feeding-points ; 
C,  the  current  consumed  by  each  lamp ; 
N^  the  number  of  lamps ; 
R^  the  resistance  of  each  main  per  unit  of  length. 

Considering  first  the  ordinary  parallel  circuit  represented  in 
Fig.  13,  the  drop  on  both  mains  from  the  first  to  the  second  lamp 
(or  group  of  lamps)  is  2  ^  /C  {N  —  1),  and  the  total  drop  from  the 
feeding-points  to  the  last  lamp 

D  =  2RlC\iN-  1)  4-  {N-  2)  +  ...  1]. 

In  this  equation  there  are  N  —\   terms,  having  an  average 

N 
value  of  ---;  hence  we  have  — 

D  =  RIC{N''  -N)y  (1) 

and  the  resistance  per  unit  of  length  which  will  give  this  maximum 
drop  /?,  is  —  j^ 

^'"^  IC{N^-N)  ^^^ 

In  the  case  illustrated  in  Fig.  16  the  current  divides,  one-half 
flowing  in  each  direction,  so  that  it  is  only  necessary  to  substitute 

N 

—  for  N  in  the  above  formulae,  or 

D  =  ^^-^  {N'^  -2N)  (3) 

and  ^'^  7clN^^^2N)'  ^^^ 

In  the  case  of  anti-parallel  distribution  (Fig.  17)  the  drop  to 
any  lamp,  say  the  jrth  from  the  -f  feeding-point,  is  RIC  [(N'  —  1) 
-I-  (A^-  2)  -f  .  .  .  ;r]  on  the  -f  main,  ^.ndRlC [QN-  1)  -f  (^N-  2) 
4- .  .  .  (iV—  X  -f  1)]  on  the  —  main.  Hence  the  total  drop  on 
both  mains  is  the  sum  of  these  values  which  is  — 

2?  =  :^^(iV''+2iV^.v-3iV^+2:r-2A:^.  (5) 

From  this  equation  it  is  evident  that  the  drop  depends  upon  x. 
Differentiating  (5),  we  find  that  Z^  is  a  maximum  when 
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that  is,  in  the  middle  of  the  circuit.  In  fact,  this  is  evident  withou 
calculation,  for  the  reasons  given  on  page  34.  Substituting  thi 
vaUic  in  (5),  we  find  that 

RIC 


n^^  = 


(3iV«-4iV^+l). 


The  drop  is  a  minimum  when  x  =  .Vor  1,  that  is,  at  either  enil 
of  the  circuit.     Hence  substituting  in  (5),  we  have  — 


A«.„  ^^f-{N''~^N). 


(J> 


This  last  equation  might  have  been  obtained  directly  from  (1)  • 
for  evidently  in  the  anti-parallel  system  (Fig.  17),  the  drop  at  lh«^ 
first  or  last  lamp  is  one-half  the  drop  at  the  last  lamp  in  the  ordi- 
nary parallel  circuit  (Fig.  13),  provided  the  mains  are  of  the  same 
size. 

By  subtracting  (7)  from  (6)  we  obtain  the  greatest  difference 
in  pressure  between  any  two  lamps  in  the  circuit  — 


and 


^P* 


/^.ux  -  Ah,.   -  ^~  {^'  -  2  J\^+  1), 


(8) 
(9) 


The  relative  economy  of  the  three  systems  can  now  be  foynd. 
The  weights  of  copper  required  are  inversely  proportional  to  the 
resistances  ;  hence  calling  Ai,  A^,  and  ^3  respectively  the  cross- 
sections  (in  circular  mils,  for  example)  of  the  mains,  which  will 
produce  the  same  maximum  difference  in  pressure  between  any 
two  lamps,  we  have  from  (2),  (4),  and  (9)  — 


Ai :  At :  At  ■ 


1_.  J_.  J_ 

J^i     -A'a     ^g 


1 

1 


Hence  the  simple  parallel  system  (Fig.  13)  requires  more  than 
four  times  as  much  copper  as  when  the  mains  are  fetl  in  the  middle 
(Fig.  16),  but  there  is  ver)^  little  difference  between  the  latter  ami 
the  anti-parallel  method  (Fig.  17).  This  comparison  is  made  on 
the  basis  of  a  certain  maximum  difference  in  pressure  between  anv 
two  lamps  on  the  circuit.  If  we  consider  the  same  total  drop,  the 
advantage  of  the4>Ian  illustrated  in  Fig.  IG  is  much  greater.     The 
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relative  weights  of  copper  required  by  the  three  systems  then  be- 
come from.  (2),  (4),  and  (6)  — 

A^iA^.A^  =  ^{N^-N)'.{N^-2N)'.{^N^-A.  N -\- 1). 

As  an  example  to  illustrate  the  use  of  the  above  formulae,  let 
^s  assume  that  twenty  16-candle-power  lamps,  each  taking  one-half 
an  ampere,  are  placed  ten  feet  apart  on  mains  each  200  feet  long, 
"tlie  maximum  allowable  difference  between  any  two  lamps  being 
one  volt.  Hence  /  =  10,  ^=  20,  (7  =  .5,  and  /?  =  1.  The  resis- 
tance per  foot  by  the  ordinary  parallel  arrangement  would  be 
Crom  (2)  —  ^ 

^1  =  T7^ ;r7— ^^ iz^  =  .00063  ohm, 

10  X  .5  (400  -  20) 

'Which  corresponds  to  a  No.  7  wire  (A.  W.  G.). 
By  the  second  method  (Fig.  16)  it  would  be  — 

^a  =  _- ^^-i— _-  =  .00222  ohm, 

10  X  .5  (400  -  40) 

corresponding  to  No.  13  wire.    And  by  the  anti-parallel  system  — 

^»  =  .-7^ ^ttjA 77^ 7T  =  •<><>221  ohm, 

10  X  .6  (400  -40  +  1) 

which  also  corresponds  to  No.  13  wire. 

By  the  first  two  systems,  however,  the  total  drop  would  be  but 
one  volt,  while  with  the  anti-parallel  plan,  the  difference  between 
the  lamps  having  the  highest  and  lowest  pressure  would  be  one 
volt.     This  is  proved  by  finding  the  drop  to  the  first  lamp,  from 

(7)  _         Z>„^  =  ^Q  X  .00221  X  .5  ^^^  _  2Q)  ^  2.09  volts, 
and  the  drop  to  the  middle  of  the  circuit,  from  (6)  — 

D^^^  =  10  X  .00221  X  .5  ^^200  -  80  +  1)  =  3.09  volts. 

Hence  the  greatest  difference  in  pressure  is  one  volt,  but  the 
total  drop  to  the  middle  lamp  is  3.09  volts  for  the  anti-parallel  sys- 
tem. The  .same  size  of  wire  (No.  13)  gives  a  total  drop  of  only 
one  volt,  if  arranged  according  to  Fig.  16  ;  and  for  the  simple  par- 
allel method  (Fig.  13),  the  maximum  drop  with  No.  13  wire  is 
found  by  (1)  to  be — 

Z?  «  10  X  .00221  X  .5  (400  -  20)  =  4.18,volts. 


I 


In  short,  for  the  same  maximum  difference  in  voltage  in  the 
three  systems^  the  relative  weights  of  copper  are.  roughly,  4:1  : 1, 
and  the  total  drop,  1:1:  3.09  volts  ;  while  for  the  same  weights  of 
copper,  the  maximum  differences  in  pressure  are  4.18  : 1  : 1  volts, 
and  the  total  drop,  4J8  : 1  :  3.09  volts. 

The  ]>roblems  of  calculating  and  comparing  the  results  obtained 
by  different  arrangements  of  conductors  in  parallel  distribution  be- 
ing of  great  importance  in  electrical  engineering,  it  will  be  well  to  M 
give  other  general  methods  of  solving  them.  These  are  largely 
derived  from  Abbott's  work  on  Electric  Transmission  of  Energy, 
with  certain  modifications  and  corrections.  Let  it  be  supposed 
that  the  mains  supply  an  indefinite  number  of  lamps  or  other 
devices  uniformly  distributed  along  their  entire  length.  This  is 
equivalent  to  assuming  that  the  current  supplied  by  the  generating 
plant  flows  between  the  two  mains  in  a  uniform  sheet  thFoughout 
their  entire  length. 

Case  I.  Cylindrical  Conductors.  Parallel  System,  —  Fig.  23 
represents  two  parallel  cylindrical  conductors  connected  to  the  ■ 
source  of  supply  at  A  and  C  From  each  element,  dx,  of  the  + 
main  AB^  along  its  entire  length,  an  elementary  amount  of  current 
will  pass  to  the  other  main,  CD.  Hence  the  current  decreases 
uniformly  from  its  maximum  value  /o,  at  the  point  A,  to  0  at  the 
point  B.  At  any  point  x\  the  current  in  the  mains  will  be  the  total 
current  /<,,  minus  all  the  current  which  has  flowed  across  from  one 
conductor  to  the  other,  between  the  point  A  and  the  point  jr  under  I 
consideration.  This  latter  quantity  will  be  f^jr /  Z,  since  the  flow] 
of  current  per  unit  of  length  is  7^/  L. 

By  Ohm's  law  the  variation  in  potential  in  any  conductor  is  j 
E  =  RI.  The  resistance  of  the  element  dx  for  both  mains  is] 
2  Rdx\  hence  the  drop  in  pressure  for  the  element  dx  is  given  by| 
the  expression  :  — 

diu,  -  //)  =  2jidx{i^  -^)  =  ^^^^  "  f  )'^^-    (10) i 

Integrating  between  x  —  0  3.nd  x  —  L^^ 


This  equation,  which  gives  the  drop  on  both  mains  between 
the  feeding-points  A  and  C  and  any  point  x,  represents  a  branch 
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of  a  parabola,  to  which  the  conductor  may  be  considered  as  an 
[asymptote.  When  x  ^^,  u^  —  //  =  0,  showing  no  drop  at  AC 
which  is  evident ;  when  x  =  L,  Uq  —  u'  =  /?/„/-,  being  obviously 
the  maximutn  value  of  the  drop,  its  average  value  being  \  RI^L. 
As  an  example,  let  it  be  assumed  that  — 

/fl  =  12  amperes.  J  ^  —  v^  ^  40. 

Z=  CO  feet.  ..        ^j      mxl2x , 

R  =  .02  ohm  per  foot. 


tt«  —  «  = 


60 


(120 -x). 


If  X  be  successively  taken  as  10,  20,  30,  40,  50,  and  60,  the 
corresponding  values  for  the  drop  are  4.4,  8,0,  10.8,  12,8,  14.0, 
and  14.4  volts,  from  which  the  curve  EF  in  Fig.  23  is  plotted. 
The  curves  in  Figs.  24,  25,  and  26  are  also  plotted  from  the  same 
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ffffft  23  and  24.    Paraltet  Dlatributhn.    Cases  /.  and  tf. 

(iat.1.  An  inspection  of  this  curve  indicates  an  unequal  drop  along 
the  conductors,  evidently  due  to  varying  current  density  in  the 
mains.  To  avoid  thi.s  variation  it  is  possible  to  employ  tapering, 
or  so-called  **  conical,"  conductors,  already  referred  to  on  page  31. 

Case  I L  Tapering  Conductors.  Parallel  System*  —  In  Fig. 
24,  AB  and  CD  are  two  parallel  tapering  conductors,  supplied  with 
current  at  A  and  C,  and  having  a  cros.s-section  which  is  proportional 
to  the  current  at  any  point,  so  that  the  current  density  will  be 
constant.  The  same  notation  as  in  Case  I.  will  be  used,  except 
that  .^0  is  the  resistance  of  each  main  per  unit  of  length  at  A  or 
r,  the  resistance  per  unit  of  length  at  any  other  point,  x,  being 
represented  by  r,  which  is  evidently  a  variable.  The  drop  or  vari- 
ation in  potential  for  any  element  now  becomes  — 


iiiu,-u'):^2rdx(^/,-^y 


(12) 
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But  r  ^  p  I  S  at  any  point,  p  being  the  specific  resistance  and  S 
the  cross-section  of  the  conductor  at  that  point;  hence  — 


^(„,_,/)  =  2^-(/„-^;-)  = 


2b/. 


■•(■-!) 


ffx 


(13) 


But  the  current  density  which,  by  hypothesis,  is  constant,  is  — 


Hence  by  integrating  (13),  we  have  — 

u,~^  //  =  2j?^/^.r.  (14) 

This  is  the  equation  of  a  straight  line,  indicating  a  uniform 
drop  from  AC  to  BD;  w^  —  //'  being  a  maximum  when  jr  =  Z,  and 
having  a  value  2  R^yl^Lf  which  is  twice  as  great  as  in  Case  I. 
This  demonstrates  that,  with  a  tapering  conductor  having  the 
same  resistance  per  unit  of  length  at  the  supply  point  as  a  cylin- 
drical one,  there  is  twice  the  drop.  It  is  also  a  fact  that  the 
weight  of  copper  is  one-half  as  much  for  the  former ;  since  it  is 
not  a  true  cone,  the  diameter  at  the  middle  section  being  .707  in- 
stead of  half  that  at  the  base,  as  already  explained  on  page  32. 
Such  a  conductor  might  also  be  considered  as  a  wedges  two  of  the 
sides  of  which  are  parallel. 

Consequently,  with  the  same  weight  of  copper  there  is  no 
reduction  in  the  maximum  drop  w-hen  so-called  conical  conductors 
are  employed,  as  has  been  claimed.  There  is,  however,  a  saving 
in  the  avirr y  droji,  which  is  readily  seen  by  comparing  the  cui^'cs 
HF  and  CH  m  Figs,  23  and  24,  or  by  substituting  \  L  for  x  in 

(11  )  and  (14),  which  give  - — -^ — ,  as  the  drop  at  the  middle  point 


/?/  / 
of  the  mains  in  Case  L,  and  ~~ —  in  Case  II. 


The  latter  value 


assumes  that  the  area  of  the  base  of  the  tapering  mains  is  made 
twice  as  large  as  for  the  cylindrical  ones,  in  order  that  the  weight 
of  copper  shall  be  the  same  for  both.  Hence  the  drop  at  the 
middle  point  is  5  ^s  great  in  Case  H.  as  in  Case  I.,  the  mtixitnum 
drop  being  the  same,  and  the  average  drop  being  \  as  much. 
The  loss  of  energy  corresponds  to  the  average  drop,  hence  it  is 
also  \  as  great  for  the  tapering  conductors.     Usually,  however,  the 
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maximum  drop  is  the  controlling  consideration  in  designing  elec- 
trical conductors,  particularly  for  electric  lighting. 

Case  III.  Cylindrical  Conductors.  Anti-Parallel  System.-^ 
In  this  case  the  mains  are  fed  from  opposite  ends  as  already  de- 
scribed in  connection  with  Fig.  17.  It  is  evident  that  this  arrange- 
ment differs  from  the  two  preceding  in  the  fact  that  no  lamp 
receives  the  full  voltage  delivered  to  the  mains,  because  Vq  is  at 
one  end  of  one  main,  and  v^  is  at  the  opposite  end  of  the  other. 


\ — 

-  -  X       - ->j 

— *  i     V'               B 

^  I. 
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Fig.25.  Fig.Ze. 

fig:  25  and  26.    Antl-ParalM  Distribution.   Cases  lit.  and  IV. 

A  Study  of  Fig.  25  shows  that  the  variation  in  pressure  between 
the  ends  of  any  element  dx  for  both  mains  is  equal  to  the  differ- 
ence between  the  drop  in  one  main  and  that  in  the  other,  whereas 
in  the  two  previous  cases  it  was  the  sum  of  the  two  drops,  hence  — 

d{uo-i/)  =  Rdx  (/  -  /')>  0^) 

i  and  —  /'  being  the  currents  in  the  respective  mains  at  the  point 
X,  and  having  the  following  values  :  — 

/=/o-  ^x  and  -/■'=  ^—^x. 
substituting  these  in  (15),  we  have  — 

d(uo-t/)  =  Ji  h  (l  -  ?^)  dx,  (16) 

Integrating  — 

u,  -u,  =  R  /o£{l  -'^yx  =  ^^  (Z  -  x).  (17) 

This  equation  is  also  that  of  a  parabola,  but  its  axis  is  perpen- 
dicular to  the  mains  at  their  middle  point.  When  ;r  =  0  or  jr  =  Z, 
»o  —  «'  =0,  showing  that  at  each  end  the  lamps  receive  the  same 
voltage.  To  locate  the  maximum  difference  in  pressure  between 
the  lamps  — 
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d{ 


dx 


^/>    1 


A'/. 


2R/,x 


that  is,  the 


greatest  drop  is  at  the  center  of  the  mains,  and  has 
the  value  R/^L  I A  obtained  by  substituting  (18)  in  (IT).  But  it 
should  be  carefully  noted  that  this  represents  the  difference  be- 
tween the  voltage  of  the  middle  lamp  and  that  of  either  end  lamp. 
For  the  latter  the  pressure  is  less  than  the  difference  of  potential 
between  the  feeding-points  (=  [„  =-  v^  by  the  quantity  RIJ.  j^, 
which  is  the  total  drop  in  cither  one  of  the  mains.  Hence  the 
middle  lamp  receives  a  voltage  which  is  less  than  that  supplied  to 
the  feeding-points  by  an  amount  — 


RI^L   ^   RIJ. 


(19)  ■ 


This  value  is  only  three-quarters  as  large  as  the  maximum  drop 
in  Case  I.,  which  was  found  to  be  RIJ^  ;  and  the  greatest  differ- 
ence between  the  voltage  of  lamps  is  only  one-quarter  as  much,  or 
RIqL  j  4,  the  weight  of  copper  being  the  same. 

Case  IV.      Tapering  Conductors.      Anti -Parallel  System.  —  j 
The  plan  of  feeding  from  the  opi>osite  ends  of  the  mains  may  be 
applied  to  taj^ering  conductors  with  even  greater  advantage  than 
in  the  case  of  cylindrical  conductors.     By  applying  the  equations! 
in  Cases  II.  and  III.  to  this  arrangement,  shown  in  Fig.  26,  the] 
follnwing  expression  is  obtained  :  — 

d  (Ug  —  Ui)  =  (ri  —  r'  i')  dx, 

rand  r\  as  well  as  ?*  and  — /*,  being  respectively  the  resistanc 
and  currents  in  the  two  mains  at  the  point  jr.  Hence  by  a  train 
of  reasoning  similar  to  that  in  the  previous  cases,  r  =  p  j  S^  and 
r'  —  p  j  S' ;  but  pi  j  S  and  pi*  j  S'  are  constants  for  each  main,  by 
hypothesis,  and  are  equal  to  each  other,  hence  — 


dx 
Wo  —  «'=  a  constant,  and 


(20) 


(21) 

In  nther  words,  there  is  no  difference  m  the  voltage  supplied 
to  the  various  lamjis,  the  pressure  at  any  lamp  being  the  difference 
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P 
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in  potential  between  the  feeding-points  less  the  quantity  RJJ^, 
which  latter  is  therefore  the  maximum  drop  for  all  of  the  lamps. 
This  is  the  same  value  as  in  Case  I.,  but  the  amount  of  copper  is 
only  one-half  as  great ;  hence  the  maximum  drop  is  one-half  as 
much  for  the  same  weight  of  copper,  and  all  lamps  receive  the 
same  voltage. 

Drop  in  Voltage  with  Irregular  Distribution  of  Lamps.  ^ — In 
the  various  cases  heretofore  considered  (Mgs.  13  to  26  inclusive), 
the  lamps  were  assumed  to  be  uniformly  distributed  on  the  mains. 
This  represents  not  only  ideal  conditions,  hut  also  applies  fairly 
well  to  actual  practice  at  full  load;  that  is,  when  the  maximum 
number  of  lamps  are  lighted.     In  fact,  the  circuits  should  be  care- 
fully designed  to  approximate  this  condition  as  closely  as  practica- 
ble in  most  cases.     When  only  a  fraction  of  the  lamps  are  turned 
on,  it  is  evident   that   they  may  be  very  irregularly  distributed. 
This  would  give  rise  to  an  almost  infinite  number  of  special  prob- 
lems corresponding  to  the  possible  arrangements  that  might  be 
made  ;  but  there  are  certain  general  facts  that  apply  to  such  cases. 
If  in  Fig.  13  it  be  assumed  that  only  the  last  or  right-hand 
group  of  lamps  is  connected,  the  drop  would  be  equal  to  the  cur- 
rent muhiplied  by  the  total  resistance  of  both  mains,  or  10  x  .08 
=  .8  volt.     Hence  the  potential  difference  supplied  to  this  group 
of  lamps  would  be  the  pressure  at  the  feeding-points  minus  the 
drop,  that  is,  111  ~  .8  =  110.2  volts.     If  now  the  middle  group  of 
lamps  be  turned  on  also,  the  potential  difference  which  they  re- 
ceive would  be  111  —  20  X  .04  —  110.2  volts,  and  the  pressure  at 
the  last  group  becomes  111  -  (20  x  .04  -f  10  x  .04)  ^  109.8 
volts.     Thus  the  various  groups  may  be  lighted  successively,  and 
it  will  be  found  that  — 

1.  The  addition  of  each  group  reduces  the  pressure  for  all  of 
those  already  connected. 

2.  The  maximum  drop  occurs  when  all  of  the  lamps  are  con- 
nected. 

3.  The  greatest  difference  between   the  voltage   of  any  two 
lamps  will  usually  exist  when  all  are  turned  on. 

The  first  statement  might  be  contradicted  on  the  ground  that 
the  pressure  at  the  first  group  of  lamps  connected  directly  to  the 
feeding-points  would  remain   the  same  whether  the  others  were 
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lighted  or  not.  Theoretically  this  is  true ;  but  practically  there 
would  be  some  drop  on  the  mains  even  for  this  group,  unless  it 
were  connected  exactly  at  the  feeding-points  ;  and  there  would 
always  be  a  drop  on  the  feeders  when  any  lamps  were  turned  on, 
unless  it  is  overcome  by  some  of  the  special  methods  of  feeder 
regulation  which  will  be  described  later. 

The  same  statements  apply  to  Fig.  16,  in  which  the  portions 
of  the  mains  on  each  side  of  the  feeding-points  may  be  considered 
as  corresponding  to  the  whole  mains  in  Fig.  13.  Even  though  all 
the  lamps  on  one  side  were  connected,  and  only  one  on  the  other 
side,  the  total  drop  and  the  difference  between  the  voltage  of  lamps 
would  be  no  greater  than  for  the  fulUoad  conditions  represented 
in  the  diagram. 

Similar  reasoning  is  applicable  to  the  arrangements  shown  in 
Figs.  17  and  18  ;  in  fact,  any  two  groups  of  lamps  would  have  the 
same  pressure  in  the  case  of  the  former,  and  any  number  less 
than  all  would  give  no  greater  total  or  dififerencc  in  drop  than  the 
full  load  <if  lamps.  If  the  first  three  groups  were  lighted,  and 
only  a  single  lamp  out  of  the  last  group  was  turned  on,  the  latter 
might  receive  a  potential  about  three  volts  higher  than  that  of  the 
others.  This  is  greater  than  the  maximum  difference  when  the  cir- 
cuit is  fully  loaded,  which  is  only  two  volts.  Hence  it  appears  that 
when  one  end  of  a  pair  of  anti-parallel  mains  is  heavily  loaded,  and 
there  are  very  few  lamps  in  circuit  at  the  other  end,  the  difference 
between  the  voltage  of  lamps  at  the  two  ends  is  greater  than  when 
the  full  load  is  turned  on.  Consequently  this  is  an  exception  to 
statement  3  above.  But  even  in  this  case^  the  maximum  drop  and 
the  average  drop  are  less  with  a  fractional  load. 

In  Fig.  27  the  curves  AB  and  CD  represent  the  potentials  on 
two  cylindrical  mains,  which  are  fed  according  to  the  anti-parallel 
method  at  aA  and  D  respectively,  being  fully  and  uniformly  loaded. 
The  drop  between  A  and  E  is  greater  than  between  C  and  _/, 
because  the  average  value  of  the  current  is  greater  for  the  former, 
as  will  be  seen  by  comparing  Fig.  17.  Hence  the  pressure  sup- 
plied to  the  middle  lamps  EJ  is  less  than  that  at  the  end  lamps 
AC^  as  already  explained  in  connection  with  Figs.  17  and  25.  If 
now  all  the  lamps  on  the  right-hand  half  of  the  mains  be  discon- 
nected, there  will  be  no  drop  between  E  and  /%  and  the  fall  of  poten- 
tial from  H  \.o  D  will  be  constant,  and  will  be  represented  by  the 
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Straight  line  HD.  It  is  evident  from  an  inspection  of  this  diagram 
that  FD  —  EH  >  BD  —  EJ,  or  in  other  words,  there  is  a  greater 
difference  between  the  voltage  at  FD  and  EH  when  half  the  lamps 
are  thrown  off.  Hence  anti-parallel  mains,  when  very  unequally 
loaded,  may  show  an  exception  to  statement  3  (page  47)  as  already 
explained.  It  is  also  apparent,  however,  that  the  maximum  as  well 
as  average  drop  are  smaller  with  any  load  less  than  the  fidl  amount. 
The  substitution  of  tapering  mains  for  cylindrical  ones  makes 

Srssure  still  more  uniform  for  fractional  loads,  since  the  drop 
:  nearly  equal  for  the  different  portions  of  the  conductors, 
len  lamps  are  irregularly  connected  to  a  closed  loop  or  ring 
*ment  of  mains,  the  problem  becomes  somewhat  more  diffi- 
Fiq   27     Effect  of  Unequal  DIatHbuthn  of  tamps  on  Antf-Pofalfel  Sf/Sttm. 

cultj  since  there  are  two  paths  for  the  current.*  Such  a  case  is  rep- 
resented in  Fig.  28,  in  which  a  pair  of  ring  mains  are  supplied  at 
the  feeding-points,  with  a  voltage  V,  the  total  value  of  the  current 
being  /,  The  resistance  of  a  semicircular  portion  of  each  main  is 
^.  Two  equal  lamps  are  assumed  to  be  connected  as  shown,  the 
current  in  each  being  I  L  Let  x  be  the  current  that  flows  down- 
ward from  the  H-  feeding-point,  then  the  current  in  the  upper  half 
of  mains  is  /  —  .r,  and  their  combined  resistance  is  2  R^  hence,  — 


^D 


and  V-V,^Rx, 

also  V,  -  n  ^  R^x  -  ;J  J  or  K,  -  r,  +  ^  -  i? 


Rx, 


(22) 
(23) 

(24) 


*  Thit  matter  will  be  discutucd  further  under  the  head  of  **  Networks  "  of  conduc- 


tors. 
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To  take  a  specific  case,  let  us  assume   [^^=110  volts,  /=  8 
amperes,  and  ^  =  1  ohm.     Then  we  find  from  (29),   (30 )>  and 


vUiiO 


Fig*.  28  aiHl  29.    hngular  DIatributhn  of  Lamftt  on  Ring  Clnult 

(31)  that  l\  =  105  volts,  V^  =  104  volts,  .r  =  5  amperes,  the 
current  that  flows  upward  from  the  +  feeding-point  is  8  —  5  = 
3  amperes,  the  current  in  each  tamp  hcinf^  4  amperes.  Fig.  29 
represents  the  distribution  of  potential  m  this  case,  including  the 
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drop  in  each  portion  of  the  mains.  The  addition  of  more  lamps 
to  this  circuit,  whether  symmetrically  or  unsymmetrically  placed, 
would  increase  the  total  and  average  drop,  also  the  maximum 'dif- 
ference in  voltage  between  lamps. 

The  general  conclusion  is,  that  the  three  statements  made  on 
page  47  apply  not  only  to  the  simple  arrangement  shown  in  Fig. 
13,  but  also  to  almost  any  parallel  system  of  mains,  with  the 
exception  of  peculiar  conditions  on  an  anti-parallel  circuit,  as  ex- 
plained in  connection  with  Fig.  27.  Hence  it  is  ordinarily  suffi- 
cient in  practice  to  calculate  the  distribution  of  potential  on  a 
parallel  system  for  full  load,  since  the  total  or  average  drop,  and  the 
greatest  difference  in  voltage  between  lamps,  will  almost  always 
be  smaller  for  any  number  or  arrangement  of  lamps  less  than  the 
maximum  load.  Heretofore  the  principal  point  that  has  been  con- 
sidered in  discussing  parallel  systems  has  been  the  difference 
between  the  pressures  supplied  to  the  various  lamps  which  are 
burning  at  the  smne  time  But  it  has  already  been  explained  on 
page  35  that  in  cases  where  the  total  drop  is  considerable, —10 
per  cent,  for  example,  —  the  voltage  at  the  lamps  will  rise  nearly 
that  same  percentage  when  the  full  load  is  thrown  off,  leaving  only 
a  few  lamps.  It  will  now  be  well  to  study  the  means  employed 
to  prevent  variations  in  the  voltage  of  a  given  lamp  when  others 
are  thrown  on  or  off  the  same  circuit. 

Regulation  of  Voltage  Supplied  to  Parallel  Systems.  —  The 
feeding-points  in  the  various  diagrams  (Figs.  13  to  29)  might  in 
some  cases  be  supplied  with  current  directly  from  the  generator, 
or  the  feeders  may  be  so  short  that  their  resistance  is  insignificant. 
Under  those  circumstances  it  would  only  be  necessary  for  the  dy- 
nanno  or  other  source  to  generate  a  constant  pressure  in  order  to 
supply  the  mains  represented  in  Figs.  13,  15,  and  16.  If  this 
were  kept  at  111  volts,  the  last  group  of  lamps  \%'ould  receive  109 
volts  at  full  load,  and  no  lamp  could  receive  more  than  111  volts, 
even  if  all  but  one  were  turned  out,  so  that  the  extreme  variation 
would  be  but  one  volt  from  the  normal  pressure  of  110  volts.  The 
large  amount  of  copper  used  in  these  cases  saves  the  trouble  of 
regulation,  and  often  might  be  worth  the  e.xtra  fir.st  cost. 
H  This  is  practically  the  way  that  the  majority  of  isolated  plants 

■     are  operated,  the  size  of  the  wires  being  made  sufficient  to  limit 
H     the  drop  to  a  small  amount  so  that  the  dynamos  may  be  run  at  a 
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fixed  voltage.  With  wiring  designed  for  a  total  drop  of  4  per  cent, 
the  greatest  variation  from  the  average  pressure  would  only  be 
about  2  volts,  and  usually  the  maximum  drop  is  between  2  and 
4  per  cent  for  isolated  plants  where  the  distances  are  moderate. 
In  most  cases,  even  the  simplest,  feeders  are  employed  to  connect 
the  mains  with  the  generators,  so  that  the  pressure  lost  in  them 
must  be  included  in  determining  the  total  drop.  When  the  dis- 
tances are  greater,  or  it  is  attempted  to  save  copper  by  using 
smaller  conductors  or  by  adopting  such  arrangements  of  mains  as 
those  represented  in  Figs.  17  to  22,  the  drop  becomes  too  large  to  _ 
warrant  the  maintaining  of  a  constant  potential  at  the  dynamo.  | 
Nevertheless,  many  small  central  stations  and  isolated  generating 
plants  are  operated  at  an  approximately  fixed  voltage,  in  spite  of  the 
fact  that  the  drop  may  be  5  per  cent  or  more.  The  usual  practice 
in  such  cases  is  to  run  the  dynamos  about  2  per  cent  above  the 
normal  voltage  of  the  lamps,  the  consequence  being  that  at  full 
load  the  latter  receive  about  3  per  cent  less  pressure  than  that  for 
which  they  are  intended,  assuming  the  drop  to  be  5  per  cent.  This 
custom  arises  from  the  fear  of  shortening  the  life  of  incandescent 
lamps  by  feeding  them  with  too  high  a  voltage. 

It  appears  to  be  a  generally  accepted  idea  that  the  rated  pres 
sure  of  a  lamp  is  a  iintii  above  which  it  should  never  be  allowed  tc 
rise.    As  a  matter  of  fact,  the  voltage  marked  on  the  lamp  should 
be  considered  as  an  average  value,  to  be  approximated  as  closely  as 
possible  at  all  times.     It  is  a  rare  thing  to  see  incandescent  lamps 
burning  even  one  or  two  per  cent  above  their  rated  pressure,  while 
they  are  very  often  operated  considerably  below  this  point.     The 
author  has  observed  in  thousands  of  cases  in  America  and  Europe  ^ 
that  incandescent  lamps  are  usually  run  perceptibly  below  theirB 
proper  voltage,  and  at  lea.st  half  of  them  are  so  low  that  they  are 
positively  dim.     This  is  partly  due  to  the  usual  falling  off  in  the 
candle-power  of  lamps  which  occurs  after  they  have   burned   for 
some  time,  amounting   to  a  considerable  loss  after  a  run  of  500 
hours.     This  matter  will  be  treated  fully  under  the  head  of  incan- 
descent lamps.     In  isolated  plants,  and  in  many  central  stations  -^ 
where  lamp  renewals  are  paid  for  by  the  user,  this  diminution  inf 
candle-power  is  great  because  of  the  tendency  to  unduly  prolong 
the  life  of  the  lamps.     Hut  in  stations  or  plants  where  it  is  desired 
to  render  good  service,  the  lamps  are  renewed  more  frequently. 
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The  reason  for  generating  a  constant  potential  is  the  simplicity 
and  convenience  secured  by  so  doing.  The  attendant  merely  has 
to  keep  the  index  of  the  volt  meter  at  a  certain  point,  by  means 
of  the  ordinary  rheostat  in  the  shunt  field  circuit,  being  either  in- 
structed to  do  so,  or  naturally  falling  into  that  habit.  It  would 
greatly  improve  the  service,  however,  if  the  pressure  were  kept  at 
a  given  value  for  any  number  of  amperes  up  to  half  load,  and  raised 
a  certain  percentage  when  the  current  exceeds  that  amount.  For 
example,  below  half  load  the  dynamo  could  be  regulated  to  generate 
2  volts  higher  potential  than  the  normal  voltage  of  lamps,  which 
would  again  be  increased  t2  volts  when  the  current  is  greater  than 
half  load,  the  total  drop  being  5  volts.  In  this  way  the  pressure 
at  the  lamps  would  not  be  more  than  one  or  two  volts  high  or  low 
at  any  time,  and  the  extra  trouble  or  intelligence  required  would 
certainly  be  insignificant.  Indeed,  it  would  seem  to  be  perfectly 
practicable  to  carry  this  plan  further,  and  subdivide  the  load  into 
three  or  even  four  parts  instead  of  two.  The  instructions  could 
be  just  as  definite  and  almost  as  easily  carried  out  as  for  one  fi.ved 
potential.  If  this  regulation  were  effected  by  hand,  using  the 
ordinary  rheostat  in  the  field  circuit,  it  would  be  a  rough  approxi- 
mation to  the  rise  in  voltage  with  increasing  load  which  occurs 
automatically  in  an  "  over-compound  "  dynamo. 

Regulation  by  Means  of  Compound  or  Over-Compound  Dynamos. 
—  It  would  seem  that  an  excellent  way  to  operate  systems  in 
which  a  constant  potential  is  required  at  the  lamps  or  other  re- 
ceivers, is  to  employ  generators  which  are  over-compound  wound 
to  give  a  rise  in  voltage  from  no  load  to  full  load  the  same  in 
amount  as  the  total  drop,  thus  automatically  securing  the  desired 
result.  An  objection  to  this  plan  is  the  tendency  for  the  E.M,F. 
of  the  dynamo  to  rise,  and  a  very  excessive  current  to  flow  in  case 
of  a  short-circuit.  The  E.M.F.  of  a  plain  shunt  machine,  on  the 
other  hand,  tends  to  fall  with  a  short-circuit.  But  when  properly 
protected  by  fuses  or  circuit-breakers  this  difficulty  is  not  likely  to 
be  serious.  Another  difficulty  that  may  arise  in  such  a  case  is  the 
fact  that  when  there  are  two  or  more  over-compound  generators 
the  pressure  may  be  too  high  when  only  one  is  in  use.  For  exam- 
ple, when  one  machine  out  of  two  is  running  with  one-half  of  the 
H  total  load,  it  will  raise  the  voltage  just  as  much  as  if  both  were 
H  working  at  full  load,  whereas  it  should  only  increase  the  pressure 


r 


p 


ELECTRIC  LIGHTING, 

one-half  of  the  maximum  percentage  of  drop.  This  trouble  may 
be  avoided  by  always  leaving  in  circuit  the  series  coils  of  all  the 
dynamos,  or  preferably  by  substituting  an  equivalent  resistance 
for  them  when  they  are  disconnected.* 

The  manner  of  connecting  two  or  more  compound  dynamos  to 
operate  in  parallel  is  represented  in  Fig.  30.  A  is  the  armature, 
B  the  series,  and  Tthe  shunt  field  coils,  R  the  field  rheostat,  D^  /% 
are  switches  connecting  the  main  terminals  of  the  dynamo  with 
the  'bus  bars  G  and  /  respect ively,  and  E  is  a  switch  to  connect 
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Fi-}.  90.    Compoumi  Dt/namos  in  Paraitei. 

the  equalizer  t  //  with  the  brush  frmii  which  the  series  coil  //leads. 
It  is  a  common  practice  to  mcchLinically  join  Z>,  Ii,  and  E  by  a 
cross-bar  so  that  they  move  together  antl  form  a  three-pole  switch. 
In  such  cases,  when  a  dynamo  is  about  to  be  connected  to  the  cir- 
cuit, the  switches  A  -^'i  and  F  are  left  open,  and  the  field  magnet 
is  excited  by  the  shunt  coil  C,  being  regulated  by  the  rheostat  /^ 
until  the  pressure  generated  is  a  little  greater  (about  one  per 
cent)  than  the  difference  of  potential  between  the  'bus  bars  G  and 
/.    This  fact  may  be  ascertained  by  comparing  two  volt  meters 


•  This  niatlcr  is  explained  in  vol.  i.,  ji.  340. 


t  Vol.  i.,  p.  848. 
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respectively  connected  to  the  dynamo  and  to  the  'bus  bars,  or  by 
connecting  a  single  volt  meter  first  to  one  and  then  to  the  other, 
which  avoids  the  error  due  to  a  difference  between  two  instru- 
ments, A  still  better  plan  is  to  connect  the  dynamo  to  the  'bus 
bars  through  a  high  resistance  and  a  galvanometer  which  deflects 
one  way  or  the  other  according  to  whether  the  dynamo  voltage  is 
higher  or  lower  than  that  of  the  circuit.  Fur  this  purpose  it  is 
very  convenient  to  use  a  volt  meter  having  a  scale  on  both  sides  of 
the  zero  point.  After  the  pressure  of  the  dynamo  has  been  prop- 
erly regulated,  the  three  switches,  /),  E^  and  I\  arc  closed.  When 
this  is  done  simultaneously  with  a  three-pule  switch,  a  considerable 
current  will  flow  through  the  series  coil  /?,  which  tends  to  still 
further  increase  the  voltage  of  this  dynamo,  at  the  same  time  tak- 
ing current  away  from  the  scries  coils  of  the  other  machines,  and 
thereby  reducing  their  potential.  The  shifting  of  load  thus  pro- 
duced may  be  so  sudden  and  so  great  as  to  be  objectionable.  To 
avoid  this  difficulty  the  two  switches  E  and  /^are  sometimes  com- 
bined to  form  a  double-iiolc  switch,  the  other  one,  A  being  operated 

B  independently.  With  this  arrangement  the  double-pole  switch 
EF  is  closed  first,  allowing  the  current  to  flow  through  the  series 
coil  Bt  and  the  regulation  of  voltage  is  made  under  these  condi- 
tions. The  switch  D  is  then  closed,  and  the  E.M.F,  of  that  ma- 
chine will  not  change  materially.  The  current  which  it  generates 
will  also  be  small,  provided  its  voltage  was  adjusted  to  be  only 
slightly  greater  than  that  of  the  'bus  bars. 

p  When  the  three  switches,  i>,  E,  F,  are  simultaneously  closed, 

it  is  found  in  practice  that  armature  reaction,  etc.,  tend  to  lower 
the  potential  of  the  generator  about  as  much  as  the  current  in  the 
series  coil  tends  to  raise  it,  hence  the  effects  counteract  each  other. 
But  it  is  merely  an  accident  if  such  is  the  case,  and  it  can  only  be 
determined  by  trial.  It  often  happens  that  the  two  actions  do  not 
balance  each  other,  the  rise  of  E.M.F.  being  greater  than  the  fall. 
In  these  cases,  which  are  common  in  electric  railway  stations,  the 
attendants  learn  by  experience  that  the  pressure   of  a  dynamo 

•  should  be  regulated  a  certain  number  of  volts  below  that  of  the 
'bus  bars  before  it  is  connected  to  them,  in  order  that  it  shall  act 
properly  when  the  three-pole  switch  is  closed.     This  is  certainly 
K  a  crude  method  of  working,  and  increases  the  chance  of  having  a 
I  back  current  flow  through  the  series  coil,  which  would  tend  to 
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demagnetize  the  field  if  the  E.M.F.  of  the  dynamo  is  considerably 
less  than  the  pressure  at  the  'bus  bars^  particularly  when  the 
equalizer  is  somewhat  long  or  is  too  small  in  cross  section. 

It  would  seem  to  be  generally  desirable  to  separate  the  switch 
D  in  order  to  have  independent  control  of  the  equalizer.  Another 
advantage  secured  by  this  arrangement  is  the  field  excitation 
that  is  positively  produced  when  the  switch  E  F  is  closed,  avoid- 
ing the  delay  and  uncertainty  which  are  always  involved  when  self- 
excitation  alone  is  depended  upon.  In  fact,  self-exciting  dynamos 
often  fail  to  generate,  or  become  reversed  in  polarity,*  The  use 
of  separate  switches  also  enables  the  series  coil  to  be  left  in  cir- 
cuit when  a  dynamo  is  not  working,  for  the  reasons  explained  on 
page  53,  The  three  s%vitches  I},  E,  and  F  might  all  be  made 
independent ;  but  there  would  then  be  a  chance  for  D  and  F  to  be 
closed,  and  the  equalizer  switch  F  left  open,  which  is  likely  to 
cause  serious  trouble,  due  to  an  excessive  or  reversed  current  in 
the  series  coil  B ;  or  the  switches  D  and  E  might  happen  to  be 
closed  with  Fopen,  in  which  event  the  series  coil  would  not  be  in 
circuit,  and  the  dynamo  could  not  generate  sufficient  voltage  when ' 
the  load  increased. 

Compound  or  over-compound  generators  are  generally  used  in 
isolated  plants  and  smaller  central  stations,  and  are  almost  uni- 
versally employed  in  electric  railway  power-houses ;  but  in  large  M 
electric-lighting  stations  plain  shunt  dynamos  are  often  employed  ■ 
in  order  to  give  greater  flexibility  of  regulation.     In  such  systems 
the  lamps  and  other  devices    are  supplied  through  a  number  of  ■ 
feeders,   which    are    fed   with   different   pressures   at   the   station 
according  to  their  length  and  the  load  upon  them.     The  methods 
employed   will   be   described   later  under   the    head   of    **  Feeder 
Regulation."     It  should  also  be  noted  in  this  connection  that  the 
business  of  large  stations  warrants  the  constant   employment   of 
one  or  more  men  to  regulate  the  voltage,   while  in  small  plants 
the  regulation  should  be  automatic  as  far  as  possible,  in  order  to 
reduce  the  required  attendance  to  a  mimimum.      It  is  not  unusual 
for  such  plants  to  be  left  to  take  care  of  themselves  for  consider- 
able periods  of  time.     In  most  cases  automatic  regulation  has  tO"| 
be  supplemented  more   or  less  by  hand  adjustment  of   the  field 
rheostat   to  make  up   for  change  in   speed  due  to  variations  in 

•  Vol.  i.,  p.  362. 


I 


SYSTEMS  OF  ELECTRICAL  DISTRfBUTJOI^. 

im  pressure  or  water  pressure  in  the  case  of  hydraulic  power. 
The  heating  of  the  field  coils  and  resistances  in  shunt  and  com- 
pound dynamos,  as  well  as  hysteresis  in  the  magnets,  also  cause 
variations  in  the  voltage  which  usually  have  to  be  overcome  by 
hand  regulation. 

Automatic  Constant-Potential  Regulators.  —  To  entirely  avoid 
the  necessity  for  hand  regulation,  or  to  reduce  it  to  a  minimum, 
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automatic  devices  may  be  used  to  maintain  constant  potential. 
One  of  these  regulators,  illustrated  in  Fig,  81,*  consists  essentially 
of  a  rheostat  in  the  shunt  field  circuit,  whose  moving  arm,  N, 
is  operated  by  a  solenoid,  Q.  A  relay  solenoid,  Aj  is  connected 
across  the  main  conductors  through  the  binding-posts  //',  and 
has  contact  points.  /*,  that  govern  the  admission  of  current  to  the 
working  solenoid  Q.  The  latter  is  differentially  wound  with  four 
coils,  two  of  which  have  a  small  continuous  current  flowing  through 
them,  and  are  in  opposition  to  each  other,  the  current  being  sup- 
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plied  through  the  switch  G^  and  binding-posts /y^.  The  other 
two  coils,  when  the  circuit  through  them  is  closed  by  the  relay, 
act  to  neutralize  one  of  the  continuously  excited  coils.  This  method 
of  operation  avoids  the  injurious  sparking  that  would  occur  if  the 
circuit  of  the  main  solenoid  were  actually  broken,  and  thus  per- 
mits a  close  adjustment  of  the  relay  contact  points,  and  secures  a 
more  sensitive  regulation.  The  cores  of  the  solenoid  are  composed 
of  small,  soft  iron  wires  to  give  quick  action  and  reduce  hysteresis 
effects.  Two  lamps,  F  F\  constitute  a  non-inductive  resistance  for 
the  relay  circuit.  An  ordinary  hand  rheostat,  E,  is  included  in 
the  shunt  field  circuit  in  order  to  adjust  the  resistance,  and  also 
give  independent  control.  The  voltage  for  which  the  device  is  set 
may  be  altered  by  shifting  the  small  weight  yon  the  relay  lever. 
In  this  device  the  consumption  of  energy  is  not  large,  being  only 
60  or  70  watts  for  a  large  regulator.  The  construction  as  de- 
scribed would  tend  to  maintain  a  constant  potential  at  the  points 
on  the  circuit  to  which  the  binding-posts//'  are  connected.  It 
is  evident  that  these  may  be  in  the  station  or  at  any  desired  posi- 
tion on  the  system  of  conductors,  thus  producing  the  effect  of  over- 
compound  winding.  This  would  necessitate  the  running  of  special 
pressure  wires  to  some  distance,  which  may  be  avoided  by  provid 
ing  the  relay  solenoid,  A^  with  a  series  coil  in  adtlition  to  the  shunt 
coil,  or,  in  short,  by  compoimding  the  regulator  instead  of  the  field 
magnets  themselves.  The  series  coil  would  have  to  be  connected 
in  the  main  circuit,  or  shunted  around  a  resistance  placed  in  it. 

In  order  to  maintain  a  constant  current  for  charging  storage 
batteries  and  for  other  purposes,  the  relay  A  is  wound  with  a  series 
coil  only.  These  devices  are  also  made  for  alternating  current 
regulation.  A  later  form  of  the  Chapman  regulator  is  described 
in  the  Ehrfrkdl  IVor/d,  April  16,  1898,  p.  480. 

Methods  of  Exciting  the  Shunt  Coils  of  Dynamos. —  The  three 
principal  ways  of  exciting  the  shunt  field  coils  of  either  a  plain 
shunt  or  compound  generator  are  known  as  Self  excitation^  'Bus 
exciiatimiy  and  Separate  cxcitadint. 

If  self-excited,  the  terminals  of  the  shunt  field  coils  are  connected 
to  the  brushes,  hence  the  magnetism  gradually  dies  away  as  the 
dynamo  is  slowed  down  after  being  disconnected  from  the  circuit  ; 
and  when  it  stops  the  field  has  disappeared,  except  a  little  residual 
magnetism.     This  avoids  the  danger  of  piercing  the  insulation  of 
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the  field  or  armature  winding,  which  is  likely  to  occur  if  the  mag- 
netism be  suddenly  discharged.  The  disadvantages  of  this  method 
are  the  slowness  with  which  the  dynamo  builds  up  its  own  field, 
and  the  possibility  that  it  may  entirely  fail  to  generate,  or  become 
rev^ersed  in  polarity.  In  *bus  excitation  the  shunt  field  coils  are 
fed  from  the  station  mains  or  'bus  bars,  the  advantages  being  the 
fact  that  the  field  magnetism  is  promptly  and  positively  brought 
to  full  strength  so  that  the  dynamo  may  be  connected  to  the  others 
as  soon  as  it  attains  its  speed,  and  the  polarity  catanot  become 
reversed.  On  the  other  hand,  the  field  may  be  accidentally  left  in 
circuit  after  the  dynamo  is  stopped,  and  it  is  always  necessary  to 
discharge  it  through  a  bank  of  lamps  or  other  resistance  by  means 
of  a  field  break  switch.  This  method  of  discharge,  although  safe, 
might  cause  trouble  if  the  bank  of  lamps  were  disconnected,  or 
otherwise  out  of  order. 

With  separate  excitation  the  field  circuits  of  the  generators 
are  connected  to  a  special  dynamo  or  other  source  of  current. 
This  plan  has  all  the  advantages  and  disadvantages  of  'bus  excita- 
tion, and  has  the  additional  merit  that  the  field  strength  is  not 
aflfected  by  changes  in  voltage  occurring  on  the  main  circuit,  which 
would  tend  to  aggravate  the  variations.  It  also  has  the  difficulty 
that  the  exciting  dynamo  or  battery  is  comparatively  small,  and 
may  therefore  be  weak  and  unreliable.  An  accident  to  it  would 
incapacitate  as  many  generators  as  were  being  charged  by  it.  In 
a  three-wire  system  the  shunt  field  circuits  of  the  dynamos  on  one 
side  may  be  supplied  with  current  from  the  other  side  of  the  sys- 
tem, which  practically  amounts  to  separate  excitation,  exce]>t  that 
an  extra  generator  is  not  required.  But  if  any  trouble  occurs  on 
one  side  it  is  likely  to  affect  both  sides  of  the  system. 

In  the  method  of  excitation  devised  by  Mr.  W.  I.  Donshea,* 
and  represented  in  Fig.  32,  one  terminal  of  the  shunt  field  winding 
S  leads  to  one  of  the  brushes  C  while  the  other  end  is  brought 
through  the  regulating  rheostat  R  to  the  blade  of  the  field  switch 
F.  This  blade  is  pivoted  on  the  same  axis  as  the  main  dynamo 
switch  Mt  but  the  two  arc  not  electrically  connected  together. 
The  other  main  switch,  ^V,  and  field  switch,  F,  are  first  closed,  M 
being  left  open.  This  completes  the  field  circuit  so  that  it  is 
excited  from  the  'bus  bars  B  -|-  and  7?  —  as  shown.     When  the 
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dynamo  is  regulated  to  the  proper  voltage,  the  main  switch  .t/ii] 
then  dosed.     On  the  blade  of  the  latter  there  is  a  catch  whicn 
engages  with  the  blade  of  the  field  switch  F  and  locks  thtm  !i> 
gether,  also  forming  an  electrical  contact.     When  the  main  switch] 
M  \s  opened  in  order  to  throw  the  machine] 
y^-^  out  of  circuit,  it  brings  the  blade  of  the  fidd 
switch  with  it,  the  two  remaining  in  dec- J 
trical  connection  ;  the  field  being  now  sdfJ 
excited  dies  away  gradually  as  the  dynamo] 
slows   down.     The  switch   N  may  then 
opened  in  order  to  entirely  disconnect  th 
machine  from  the  circuit.     When   the  dj 
namo  is  required  again,  the  catch  that  locks^ 
the  two  switches  together  is  withdrawn,  and 
the  field  switch  is  closed  independently,  the 
other  steps  having  already  been  described 
This  method   combines   the    advantages  oi 
self  and  *bus   excitation  without    invoh'ing 
complication.     The  'bus  bars  B  -f-  and  B  — 
in  Fig.  32  may  be  indefinitely  extended  in 
either  direction ;  and  any  number  of  d)Tia- 
mos  may  feed  current  to  them,  the  connec- 
tions and  operation  being  the  same  for  eacK 
If  there  happened  to  be  no  current  on  the 
'bus  bars,  owing  to  accident  or  the  stopping  of  all  the  machines, 
any  one  of  them  could  be  started  as  a  self -exciting  dynamo  by 
closing  the  switches  F  and  M. 

The  excitation  of  a  compound  generator  is  conveniently  and 
effectively  accomplished  by  causing  current  from  the  other  ma- 
chines to  flow  through  its  series  coil ;  for  example,  the  switches 
E  and  F  in  Fig.  SO  are  first  closed,  as  already  exi>Iained.  But  a 
compound  dynamo  working  alone  would  have  to  build  up  its  own 
magnetism  the  same  as  a  series  or  shunt  machine.  In  the  case  of 
the  last  named,  it  excites  more  readily  the  higher  the  resistance  in 
the  external  circuit,  hence  the  latter  should  be  opened  if  possible. 
But  with  a  series  or  compound  the  excitation  is  facilitated  by  short- 
circuiting  the  main  terminals  so  that  a  strong  current  will  flow  in 
the  series  field  coils.  This  should  be  tried,  however,  only  wl 
the  machine  refuses  to  generate  under  normal  conditions ;  and  th< 
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short-circuit  should  be  carefully  applied  for  brief  periods,  otherwise 
a  very  excessive  current  may  be  produced.  The  causes  and  reme- 
dies for  a  dynamo  failing  to  generate  are  given  in  V(j1,  L,  p.  362, 
and  more  fully  in  Practical  Management  of  Dynamos  and  Motors 
by  Crocker  and  Wheeler,  p.  lo5. 

Feeder  Regulation.  —  It  has  been  stated  on  page  51  that  the 
ordinary  practice  in  the  smaller  electric-lighting  plants  is  to  oper- 
ate the  generators  at  a  fixed  voltage,  or  to  supply  a  somewhat 
higher  voltage  as  the  load  in  amperes  increases,  in  order  to  make 
up  for  the  drop  in  pressure  on  the  conductors.     The  rise  in  vol- 
tage is  produced  by  hand  regulation,  over-compound  wiudingi  or  by 
an  automatic  regulator,  as  already  described.     In  large  systems  of 
distribution   the  various  feeders   (Fig.   12)   may  differ  greatly  in 
length,  and  may  be  very  unequally  luadcd,  the  latter  condition  being 
in  a  continual  state  of  change.     It  therefore  becomes  necessary  to 
independently  control  the  different  feeders,  for  which  purpose  sev- 
eral methods  are  employed,  as  follows  :  — 

1.  Connecting  and  disconnecting  feeders  at  various  points  on 
the  mains ;  2.  Feeder  rheostats ;  3.  Auxiliary  'bus  bars ;  and  4, 
"  Boosters." 

The  first  of  these  methods  is  represented  in  V\%.  33,  in  which 
a  pair  of  mains,  P  Q  and  R  Sy  are  supplied  with  current  from  the 
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generator  D  by  means  of  feeders  A,  B,  and  C,  the  corresponding 
return  feeders  being  shown  below.  It  is  assumed  that  there  are 
considerably  more  lamps  burning  at /and  L  than  at  A",  hence  the 
voltage  would  be  higher  at  A'  than  at /and  Z,  if  all  three  feeders 
were  in  circuit.  This  difference  will  be  reduced  by  opening  the 
switch  F,  thereby  disconnecting  the  feeder  B^  as  indicated.     The 
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small  amount  of  current  required  for  the  few  lamps  at  A'  will  be 
supplied  from  both  directions  by  the  feeders  A  and  C  with  very 
little  drop.  If  nearly  all  the  lamps  at  L  were  turned  out,  the  feeder 
A  could  also  be  disconnected  by  opening  the  switch  E\  but  if  ever)' 
lamp  were  put  in  use,  or  if  the  load  on  the  mains  happened  to  be  H 
uniform,  then  all  three  switches,  is,  F,  and  G,  should  be  closed. 

The  distribution  of  potential  on  uniformly  loaded  mains  sup- 
plied by  feeders  at  symmetrical  points  is  illustrated  in  Fig,  84. 
Each  of  the  mains  E  K  and  5  T  is  supposed  to  consist  of  1,800 
feet  of  No.  2  (A,  IV.  G.)  copper  wire,  and  supplies  ten  equidistant 
groups  of  lamps,  each  taking  ten  amperes.  These  mains  are  fed 
with  current  from  the  generator  D  by  feeders  A  and  B,  which  lead 
to  points  400  feet  from  each  end.     The  portion  EFG  of  the  mains 
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is  identical  with  the  arrangement  shown  in  Fig.  16,  and  so  is  the 
portion  I///C ,  hence  the  distribution  of  potential  will  be  the  same 
as  in  that  case,  and  is  represented  in  Fig.  85,  the  highest  pressure 
being  111  and  the  lowest  109  volts.  With  a  perfectly  symmetri- 
cal arrangement  of  the  lamps,  there  will  be  no  fiow  of  current  in 
either  direction  between  G  and  //;  hence  those  sections  of  the 
mains  could  be  removed  without  affecting  the  electrical  conditions. 
But  in  case  there  were  more  lamps  at  one  end  than  at  the  other, 
then  there  would  be  a  transfer  of  current  through  GH,  which 
would  tend  to  equalize  the  pressure.  The  feeder  A  is  assumed  to 
consist  of  IpfiOO  feet  of  No.  0000  wire  having  a  resistance  of  about 
.08  ohm,  and  carrying  50  amperes  ;  since  it  supplies  5  groups  of 
lamps,  each  taking  10  amperes.  The  drop  upon  it  is  60  x  .08  =  4 
volts,  and  the  same  amount  for  the  return  feeder  a  ;  consequently 
the  potential  at  the  generator  D  must  be  111  -{-  4  +  4  ^  119  volu. 
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If  the  Other  feeder  B  consists  of  600  feet  of  No.  1  wire,  its  resis- 
tance will  be  about  .075  ohms,  which  is  approximately  the  same, 
and  would  cause  a  similar  drop.  In  this  instance  the  resistances 
of  iwa  feeders  are  designed  to  be  about  equal  by  making  their 
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fiq,  35.    Potvntial  Diagram  CorrespontUng  to  Fig.  34. 


cross-sections  proportional  to  their  lengths.  If  the  feeder  B  were 
f  made  of  the  same  size  wire  as  A,  the  drop  upon  the  former  would 
only  be  iVVo  ==  i  as  much,  or  li  volts,  in  which  case  it  should  be 
supplied  with  111  +  IJ  +  li=  114  volts  instead  of  119,  and  one 
of  the  following  methods  of  feeder  regulation  would  be  required. 
The  same  statement  applies  if  the  currents  in  the  feeders  differ 
considerably  when  their  resistances  are  approximately  equal. 

Feeder  Regulation  by   Resistance.  —  In   such    cases    a  feeder 

rheostat,  or  "  feeder  equalizer,"  consisting  simply  of  a  variable  re- 

B  sistance,  may  be  placed  in  series  with  each  feeder,  as  represented 

in  Fig.  36,  the  current  capacity  of  the  rheostat  being  sufficient  for 

I  the  maximum  current  conveyed  by  the  feeder.  In  operating  such 
a  system  a  certain  amount  of  resistance  K  is  introduced  into  the 
circuit  of  feeder  A  that  is  lightly  loaded,  in  order  that  the  pressure 
which  it  supplies  to  the  mains  shall  not  be  too  high  compared  with 
that  of  the  more  heavily  loaded  feeder  B,  which  has  less  resistance 
inserted.  Thus  by  adjusting  the  arras  of  the  rheostats  /?  and  S^ 
the  voltage  at  the  ends  of  the  feeders  A  and  B  may  be  made  equal 
for  all  loads,  or  the  potential  at  the  outer  end  of  B  may  be  raised 
a  little  above  that  of  A.  m  order  to  make  up  for  the  greater  drop 
in  the  mains  at  //  than  at  F. 
—  The  voltage  at  the  farther  ends  of  the  feeders  may  be  deter- 
fmined  by  running  extra  conductors,  IVIV,  called  "  pressure  wires," 
from  the  generating-plant  to  the  point  at  which  the  feeder  is  con- 


nected  to  the  mains.  The  actual  potential  is  read  directly  on  the 
voltmeter  I',  since  the  current  in  the  wires  IV  IVh  so  little  that 
there  is  no  appreciable  drop  upon  them  even  when  they  are  quite 
small  Another  method  consists  in  subtracting  the  drop  I  R  qt\ 
the  feeders  from  the  voltage  ^'at  the  generators;  that  is,  the  po- 
tential  at  the  ends  uf  the  feeders  P  =  V  —  I  R,\n  which  /  is  the 
current  and  A'  the  resistance  of  a  given  pair  of  feeders.  For  this 
purpose  an  amperemeter  may  be  put  in  series  with  each  pair  of 
feeders,  and  it  can  be  calibrated  to  give  the  drop  upon  them  by 
simply  multiplying  its  scale  numbers  by  the  total  resistance  of  the 
two  feeders.  A  still  more  perfect  device  is  the  so-called  compen- 
sated voitmeter.  This  has  the  ordinary  coil  which  measures  the 
voltage  of  the  generators,  and  an  additional  coil  that  carries  a  cer- 
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fig,  36.     FvedMr  Regulation  by  Heilstane^t 


tain  fraction  of  the  feeder  current,  the  effect  of  the  latter  being  to 
slighty  oppose  the  former,  so  that  it  reduces  the  deflection  of  the 
pointer,  and  indicates  the  pressure  at  the  outer  end  of  the  feeder. 
The  objection  to  the  resistance  method  of  regulation  is  the  loss  of 
energy  that  it  entails,  the  amount  oi  which  is  represented  by  the 
percentage  that  the  voltage  supplied  to  a  given  feeder  is  lowered. 
The  present  practice  tends  toward  the  use  of  the  tWo  following 
methods  of  feeder  regulation  in  preference  to  the  two  already  de- 
scribed^  particularly  in  the  larger  systems. 

Auxiliary  'Bus  Bars  are  often  employed  in  stations  or  plants  of 
considerable  sizc»  in  order  to  avoid  the  loss  of  energy  which  inevi- 
tably occurs  when  •*  dead  "  resistance  is  used  for  regulation.  This 
method  is  represented  in  its  simplest  form  in  Fig.  37,  C  and  D 
being  two  dynamos,  one  of  which,  D,  is  connected  to  the  main 
'bus  bar  F,  and  generates  the  ordinary  potential  required  to  supply 
the  shorter  feeders,  or  those  that  arc  lightly  loaded,  such  as  B, 
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le  other  dynamo,  C  runs  at  a  higher  voltage,  and  is  connected 
to  the  auxiliary  'bus  bar  E  for  supplying  the  longer  or  more  heavily 
loaded  feeders  represented  by  A,  The  scope  for  regulation  is  still 
further  increased  by  varying  the  pressure  at  either  or  both  of  the 
'bus  bars.  This  may  be  accomplished  by  hand  or  automatically, 
rheostats  in  the  shunt  field  circuits  of  the  dynamos,  compound 
winding,  or  other  means  for  controlling  the  E.M.F.  of  dynamos, 
being  employed  for  the  puq^ose.     In  this  connection  it  should  be 
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loted  that  the  introduction  of  resistance  in  a  shunt  or  separately 
lexcited  field  circuit  involves  far  less  loss  of  energy  than  when  it 
is  put  in  the  main  circuit,  since  the  current  in  the  former  is  only 
about  one  to  three  per  cent  of  the  latter.  It  is  evident  that  any 
number  of  *bus  bars  may  be  used,  being  supplied  with  current  by 
dynamos  running  at  different  voltages  ;  and  two  or  more  dynamos 
may  be  operated  in  parallel  on  any  'bus  bar,  in  accordance  with 
the  demands  for  current,  It  is  also  obvious  that  several  feeders 
may  be  connected  to  one  'bus  bar.  Each  feeder  is  provided  with 
switches  that  connect  it  to  any  particular  'bus  bar  according  to  the 
load  upon  it. 

A  Transfer  'Bus  Bar  is  used  to  enable  a  feeder  to  be  gradually 

Lshifted  from  one  'bus  bar  to  another,  without  the  sudden  variation 

hn  potential  which  would  occur  if  it  were  thrown  over  directly  by 

leans  of  the  switches  mentioned  above.     This  arrangement  is  in- 

fdicated  in  Fig.  38,  being  similar  to  that  shown  in  Fig.  37,  but  hav- 

ling  a  transfer  'bus  bar  /'  in  addition  to  the  main  and  auxiliary  bars 

and  £.     The  latter  is  connected  to    the    resistance  coils  of  a 

rheostat,  the  movable  arm  Fof  which  is  connected  to  the  transfer 

^bar/*.     The  operation  of  shifting  the  feeder^  from  the  main  'bus 

bar  FXo  the  auxiliary  E,  when  its  load  becomes  large,  is  as  follows  : 

The  feeder  B  is  connected  to   the  transfer  bar  at  P,  the  rheo- 


Stat  f^  being  previously  open  circuited.  The  arm  F  is  then  moved 
clockwise  until  it  comes  in  contact  with  the  extremity  of  the 
resistance.  This  connects  the  feeder  B  with  the  auxiliary  bar  E 
through  the  whole  of  the  resistance,  and  allows  a  certain  current  fl 
to  flow  from  E  into  B,  the  former  having  a  higher  potential  than 
Ft  to  which  B  still  remains  connected.  The  resistance  is  then 
gradually  cut  out  by  the  further  movement  of  the  arm  V  until 
the  current  supplied  from  the  auxiliary  E  to  the  feeder  B  is  equal 
to  the  load  carried  by  the  latter,  when  the  connection  between  B 
and  the  main  'bus  bar  F  is  opened.  The  remainder  of  the  resis- 
tance is  then  cut  out,  which  directly  connects  the  feeder  B  with 
the  auxiliary  bar  E^  the  transfer  having  been  made  without  any 
disturbance   of   the   system.      In   performing  this  operation  the 
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fif.  S8.    Feeder  Regulation  with  Tranafet  'But  Bar. 

amounts  of  current  may  be  ascertained  by  having  an  amperemeter ! 
inserted  between  the  rheostat  and  E  in  addition  to  the  ampere- 
meter that  should  always  be  placed  in  circuit  with  each  feeder. 
The  difference  of  potential  between  the  feeders,  *bus  tars,  etc., 
should  also  be  indicated  by  voltmeters.  The  necessary  instru- 
ments are  assumed  to  be  present  in  every  case,  but  are  omitted  fl 
from  the  diagrams  to  avoid  confusion,  as  they  perform  no  active 
part  in  the  operation  of  the  system,  their  only  function  being  to 
give  information.  H 

WTiere  two  or  more  feeders  run  to  the  same  mains,  one  of  them 
may  be  transferred  from  one  'bus  bar  to  another  by  simply  open- 
ing the  switch  connecting  it  with  one  bar  and  closing  an  instant 
later  the  switch  that  connects  it  to  the  other.  Both  switches 
must  never  be  closed  at  the  same  time,  as  it  would  short-circuit 
the  potential  difference  between  the  two  'bus  bars.  The  drop  on 
a  feeder  being  usually  only  a  few  volts,  its  circuit  may  be  opened] 
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with  practically  no  greater  flash  than  is  produced  by  any  other  cir- 
cuit having  a  voltage  equal  to  this  drop,  provided  the  remaining 
feeders  and  the  mains  arc  sufficient  to  carry  the  current  without 
iTiaterially  increasing  the  fall  of  potential  upon  them. 

Feeder  Regulation  by  Means  of  "  Boosters"  is  represented  in 
Fig.  39,  in  which  D  is  the  main  dynauKt  generating  the  greater  part 
of  the  electrical  energy,  and  A'  and  5  are  two  small  auxiliary  dyna- 
mos called  "boosters,"  connected  in  series  with  the  dynamo  D  and 
the  two  feeders  A  and  B  respectively.  Assuming  that  the  main 
dynamo  D  generates  a  constant  voltage^  the  variation  in  pressure 
required  to  regulate  the  feeders  in  accordance  with  the  changing 
loads  upon  them  is  obtained  by  controlling  the  potential  of  the 
boosters  R  and  .S.  This  is  usually  accomplished  by  exciting  the 
field  magnets  of  the  boosters  from  the  dynamo  D,  a  rheostat  being 
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fig.  39.    Feeder  Regulatton  by  mmna  of  "Boosters." 
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inserted  in  each  field  circuit.  Another  plan  is  to  provide  the 
boosters  with  series-wound  field  magnets,  in  which  case  the  voltage 
generated  by  each  increases  with  the  current  flowing  through  it. 
With  field  magnets  designed  to  work  below  magnetic  saturation, 
this  gives  an  automatic  regulation  that  is  almost  perfect;  since  the 
extra  pressure  prrnluced  by  the  booster  may  be  made  to  exactly 
overcome  the  drop  on  the  corresponding  feeder  for  all  loads,  or  it 
may  be  designed  to  also  make  up  for  some  or  all  of  the  drop  on 
the  mains  and  leads.  The  principle  of  this  last-described  method 
is  quite  similar  to  that  of  compound-wound  dynamos;  but  it  acts 
upon  the  feeders  individually,  instead  of  upon  the  system  as  a 
whole.  It  corresponds  to  a  case  where  each  feeder  is  supplied 
by  its  own  compound  generator,  which  is  a  possible  but  hardly 
practicable  arrangement  with  a  large  number  of  feeders,  twenty 
or  thirty  being  an  ordinary  number.  In  any  system  the  main 
generator  and  the  boosters  may  all  be  driven  by  one  or  more 
steam-engines  or  other  prime   movers,   or   the  boosters  may   be 
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operated  by  electric  motors  supplied  with  current  from  the  main 
dynamos. 

Similar  machines  are  sometimes  used  to  reduce  or  "  crush  *'  the 
voltage  instead  of  raising  it,  in  which  case  the  main  dynamo  may 
be  run  at  the  average  pressure  required  by  the  feeders,  the  poten- 
tial in  those  that  are  heavily  loaded  being  increased,  and  being 
depressed  in  the  lightly  loaded  ones.  A  '*  crusher  "  which  lowers 
the  voltage  by  generating  a  counter  E3LF,  acts  as  a  motor,  and 
tends  to  develop  power ;  consequently,  if  it  is  coupled  with  a 
booster,  it  will  drive  the  latter  as  a  dynamo,  provided  that  the 
energy  absorbed  by  the  former  is  slightly  greater  than  that  pro- 
duced by  the  latter,  in  order  to  make  up  for  mechanical  and  elec- 
trical losses  in  both  machines.  By  thus  arranging  the  machines 
in  pairs,  they  run  each  other,  and  no  external  driving-power  is 
needed. 

Instead  of  having  a  separate  booster  for  each  feeder,  as  in- 
dicated in  Fig-  39,  two  or  more  feeders  requiring  approximately 
equal  voltages  may  be  supplied  from  the  same  booster.  In  this 
way  a  large  number  of  feeders  may  be  regulated  with  only  a  few 
boosters,  which  are  run  at  different  potentials,  the  feeders  being 
divided  among  them  according  to  the  extra  pressure  required. 
This  is  practically  equivalent  to  a  system  having  several  auxiliary 
*bus  bars  supplied  with  different  voltages.  In  Fig.  37,  for  exam- 
ple, the  dynamo  C  might  be  omitted,  and  the  higher  voltage 
required  for  the  auxiliary  bus  *bar  £  could  be  obtained  by  connect- 
ing a  booster  between  E  and  F.  This  is  often  preferable ;  since 
it  would  only  be  necessary  to  run  one  main  dynamo,  the  booster 
being  driven  by  a  motor  fed  with  current  from  the  dynamo. 

The  arrangement  represented  in  Fig.  40  combines  several  of 
the  methods  of  feeder  regulation  already  described.  The  genera- 
tors £7  and  D  operating  in  parallel  are  connected  to  the  'bus  bars 
F  and  //,  to  which  they  supply  the  ordinary  voltage  required  by 
the  feeders.  The  conductor  £",  called  the  hig-h  auxiliary  'bus  bar, 
is  maintained  at  a  higher  potential  than  F  by  means  of  the  booster 
A,  The  conductor  G  receives  its  current  from  the  main  'bus  F 
through  the  resistance  B,  consequently  its  pressure  is  less  than 
that  of  F\  and  it  is  designated  as  the  htv  auxHiary  'bus  bar. 
The  feeders y,  K,  and  L  are  connected  to  E,  F,  or  G  according  to 
the  voltage  that  they  require,  the  longest  and  most  heavily  loaded 
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being  fed  by  the  high  auxiliary  E,  which  is  often  10  or  20  per 
cent  and  sometimes  40  or  50  per  cent  higher  in  pressure  than  the 
main  'bus  F.  The  amount  of  this  extra  voltage  is  regulated  by 
means  of  a  rheostat  in  the  field  circuit  of  the  booster  A,  usually 
excited  from  the  'bus  bars  F  and  H.  If  the  dynamo  C  be  con- 
nected to  E  and  not  to  Fy  the  higher  pressure  may  be  generated 
by  it,  and  the  booster  A  can  be  dispensed  with,  as  already  shown 
in  Fig.  37 ;  but  it  is  often  more  convenient  to  operate  all  the  main 
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Fig.  40.    Feeder  Regulation  by  a  Combination  of  Methods. 


generators  in  parallel  on  the  same  pair  of  'bus  bars,  and  obtain  the 
higher  and  lower  potentials,  if  required,  by  means  of  boosters  and 
resistances.  The  latter,  on  account  of  their  simplicity,  are  applic- 
able when  the  differences  in  pressure  arc  small,  the  voltage  of  the 
low  auxiliary  'bus  G  in  Fig.  40  being  between  5  and  10  per  cent 
less  than  that  of  /%  for  example.  But  with  greater  reductions  the 
loss  of  energy  becomes  too  large  an  item,  and  it  is  more  econom- 
ical either  to  run  another  generator  or  a  "  crusher  "  (with  counter 
E.M.F.')  to  supply  G. 
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CIIAPTKR     IV. 
THREE  AND    FIVE    WIRE   SYSTEMS    OF   DISTRIBUTION. 

The  three-wire  system,  which  was  independently  Invented  by 
Edison  and  Hopkinson,  has  for  its  object  the  saving  of  copper  in 
distributing  conductors.  From  the  first  introduction  of  electric 
lighting  until  about  1897,  it  was  not  considered  practicable  to  use 
incandescent  lamps  designed  for  a  pressure  higher  than  120  volts. 
This  limited  the  potential  at  which  parallel  systems  were  operated, 
and  demanded  conductors  of  large  size  and  weight,  particularly 
when  the  current  is  transmitted  any  considerable  distance,  as 
already  shown  in  the  examples  given.  When  it  is  attempted  to 
supply  incandescent  lamps  in  scries,  difficulties  immediately  arise, 
due  to  the  dangers  of  high  potential,  the  interference  between  the 
lamps^  and  the  imperfection  of  regulation,  all  of  which  were  noted 
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f/ffi  4?  m4  42.     Cvofutton  of  the  Threa-Wirit  Stfatem. 

in  Chapter  II,  The  principle  of  the  three-wire  arrangement  may 
be  understood  by  first  considering  two  entirely  distinct  two-wire 
circuits,  as  represented  in  Fig.  41.  If  the  lamps  /,  and  A'' happen 
to  be  placed  in  the  manner  shown,  it  is  evident  that  they  may  be 
connected  in  series  of  two  each,  as  illustrated  in  Fig,  42,  in  which 
case  the  intermediate  wires  J  and  A'  become  siiperfiunus  and  are 
omitted.  But  when  one  of  the  lamps  is  turned  off  or  burned  out, 
its  companion  will  also  go  out ;  hence  a  third  wire,  indicated  in  F"ig. 
43  by  a  line  marked  0,  is  extended  from  the  junction  between  the 
two  dynamos  Cand  D  in  order  to  avoid  the  difficulty.  This  allows 
number  of  the  lamps  to  be  disconnected  without  putting  out 
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those  which  remain.  The  extra  conductor  is  called  the  neutral 
wire,  and  is  usually  marked  0  or  =t,  the  latter  symbol  represent- 
ing the  fact  that  it  is  positive  with  respect  to  one  conductor  and 
negative  with  respect  to  the  other.  The  neutral  wire  carries  no 
current  if  the  system  is  exactly  "  balanced  "  (Fig.  43) ;  but  when 
the  amounts  of  current  on  the  two  sides  of  the  system  are  not  the 
same,  it  supplies  the  difference,  whatever  it  may  be,  as  represented 
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Flg».  43  and  44.    ThrM-WIn  Syttem. 

by  arrows  and  numbers  in   Figs.  44  and  45,  each  lamp  being 
assumed  to  take  one  ampere. 

It  should  be  observed  that  the  flow  of  current  may  be  opposite 
in  direction  in  different  parts  of  the  neutral  wire  (Fig.  44).  An- 
other peculiar  condition  in  three-wire  circuits  is  the  fact  that  the 
potential  at  certain  lamps  may  actually  be  higher  than  that  of  the 
dynamo  on  the  same  side  of  the  system.  This  is  demonstrated  in 
the  potential  diagram  (Fig.  46),  corresponding  to  the  arrangement 
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Figs.  46  and  46.    Three- Wire  System. 

of  <amps  shown  in  Fig.  45.  Assuming  the  resistance  of  each  of 
the  three  wires  to  be  1  ohm,  the  drop  on  the  +  conductor  between 
R  and  Af  will  be  4  volts  with  a  current  of  4  amperes.  The  drop 
between  N"  and  S  on  the  neutral  wire  will  be  3  volts,  since  3  am- 
peres flow  back  through  it.  With  a  potential  of  117  volts  at  each 
dynamo,  this  gives  110  volts  for  the  lamps  between  M  and  JV. 
The  drop  on  the  —  wire  between  P  and  T  is  1  volt,  hence  the 
potential  of  the  point  P  is  1  volt  above  that  of  T;  but  as  iVis  3 
volts  higher  in  potential  than  5,  it  follows  that  the  pressure  be- 
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tween  N  and  /*  is  2  volts  greater  than  that  delivered  at  S  and  T 
by  the  dynamo  D.  Therefore  the  lamps  at  M  N  receive  7  volts  less 
pressure,  and  the  lamp  at  N  F  is  supplied  with  2  volts  more  pres- 
sure than  the  potential  difference  at  the  respective  generators. 
While  this  condition  is  possible,  it  is  not  likely  to  occur  in  practice, 
particularly  in  large  systems,  where  the  circuits  are  carefully  bal- 
anced. Ill  such  cases,  the  difference  in  the  total  load  on  the  two 
sides  of  the  system  is  often  as  small  as  2  or  3  per  cent 

Advantages  and  Disadvantages  of  the  Three-Wire  System.  — 
The  sole  merit  of  this  arrangement  is  the  fact  that  it  saves  copper, 
the  amount  of  this  saving  being  determined  as  follows  :  — 

The  circuit  represented  in  Fig.  42  has  two  wires,  while  those 
in  Fig.  41  employ  four  ;  hence  the  former  requires  one-half  as  rnoch 
copper  as  the  latter,  assuming  the  size  of  the  wires  to  be  the  same. 
Furthermore,  the  percentage  of  drop  in  Fig.  4l2  will  only  be  one- 
half  as  great  as  that  in  Fig.  41,  the  explanation  of  this  fact  being 
given  in  Figs.  47  and  48,  which  show  the  distribution  of  potential 
in  the  two  cases.  In  the  two-wire  circuits  (Figs.  41  and  47)  there 
will  be  a  drop  of  4  volts  on  each  wire,  assuming  4  amperes  of 
current  and  one  ohm  of  resistance  for  each  ;  and  the  lamps  will  re- 
ceive IOC  volts  with  a  pressure  of  114  volts  at  the  dynamos,  the 
drop  being  ifi,  or  7  per  cent. 

The  lamps  on  the  three-wire  circuits  (Figs.  42  and  48)  receive 
110  volts  with  the  same  initial  potential,  i.e.,  114  volts,  the  drop 
being  only  t!^  or  3.5  per  cent,  which  is  une-half  as  much  as  in  the 
previous  <;ase.  It  follows,  therefore,  if  the  wires  in  Fig.  42  have 
one-half  the  cross-.section  of  those  in  Fig.  41,  that  the  percentage  of 
drop  will  be  the  same  for  both.  Consequently  Fig.  42  requires  one- 
half  as  many  conductors  of  one-half  the  size,  or  only  one-quarter 
as  much  copper,  as  Fig.  41  for  the  same  drop.  If  now  the  neutral 
conductor  in  the  three-wire  system  ( Fig.  43)  be  made  the  same 
size  as  each  of  the  outside  wires,  the  weight  of  the  copper  will  be 
i  +  I  =  ^  as  much  as  in  the  two-wire  circuits  (Fig,  41)  supplying: 
the  same  number  of  lights  at  the  same  distance  with  equal  drop. 
Since  the  neutral  wire  usually  carries  only  a  small  current,  it  is 
often  made  (esfiecially  in  feeders)  one-half  as  large  as  either  of  the 
outside  conductors,  in  which  case  the  weight  of  copper  becomes  J 
i^fl  that  demanded  by  the  two-wire  system. 

The  great  saving  in  copper,  amounting  ordinarily  to  g  or  62.6 
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per  cent,  is  considered  of  such  paramount  importance  that  the 
three-wire  system  is  usually  adopted  in  electric  lighting  for  low- 
tension  distribution  wherever  the  distances  are  considerable.  In 
the  case  of  low-tension  central  stations  this  custom  is  very  general, 
and  even  for  large  isolated  plants  the  three-wire  system  is  often 
selected.  It  is  also  employed  in  many  instances  for  the  secondary 
wiring  in  alternating-current  distribution  with  transformers.  The 
object  in  all  cases  is  to  save  copper,  which  constitutes  such  a  large 
item  in  the  cost  of  nearly  all  electrical  installations. 

To  offset  this  advantage,  however,  the  three-wire  system  has 
the  following  disadvantages  :  — 

1.  It  is  usually  necessary  to  operate  at  least  two  dynamos  or 
other  sources  of  current. 

2.  It  is  necessary  to  lay  and  to  take  care  of  three  wires  instead 
of  two. 

3.  The  switches,  cut-outs,  measuring  instruments,  etc.,  are  also 
more  complicated. 

4.  The  saving  of  copper  stated,  assumes  that  the  neutral  wire 
carries  no  current. 

But  if  all  the  lamps  happen  to  be  in  use  on  one  side  of  the  sys- 
tem only,  the  copper  should  be  the  same  as  for  a  two-wire  circuit. 
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^vcn  though  the  system  be  kept  balanced  as  carefully  as  possible, 
5<^  that  the  current  in  the  neutral  conductor  is  only  10  per  cent  of 
^^e  total,  the  saving  of  copper  would  be  reduced  from  62.5  to  about 
^'^  per  cent  for  the  same  actual  percentage  of  drop. 

5.  The  variation  in  potential  may  be  aggravated  by  the  increase 
^'^at  sometimes  takes  place  (Fig.  46),  which  is  impossible  on  a 
tWo-wirc  circuit. 

When  all  these  objections  are  considered,  it  is  somewhat  doubt- 
ful if  the  reduction  in  the  weight  of  copper  makes  up  for  them  in 
some  cases  where  the  three-wire  system  is  adopted.  There  is  a 
strong  tendency  on  the  part  of  the  purchaser,  consulting  engineer, 
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and  contractor  to  give  too  great  weight  to  the  matter  of  first  cost, 
and  too  little  heed  to  questions  of  convenience,  labor  involved,  lia- 
bility of  accidents,  and  many  other  factors  that  make  up  ninning 
expense.  The  three-wire  system  is  unquestionably  more  compli- 
cated and  difficult  to  install  or  operate,  and  it  should  not  be  selected 
unless  the  saving  that  it  secures  is  surely  sufficient  to  pay  for  these 
disadvantages.  For  low-tension  distribution  to  distances  of  a  mile 
it  has  been  considered  necessary  to  employ  it ;  but  for  isolated  plants, 
where  the  length  of  wires  is  only  a  few  hundred  feet,  its  superiority 
is  by  no  means  certain,  in  spite  of  the  very  powerful  argument 
which  may  be  based  upon  the  saving  of  copper. 

The  improvements  in  and  applications  of  220-volt  incandescent 
lamps  render  the  three-wire  system  considerably  less  important 
than  formerly,  since  it  enables  a  two-wire  circuit  to  be  operated  at 
220  volts,  the  copper  required  being  only  two-thirds  as  much  as 
for  the  ordinary  three-wire  system.  To  be  sure  the  latter  can  now 
be  run  at  440  volts,  giving  it  the  same  relative  advantage  as  before  ; 
in  fact,  such  plants  arc  now  being  installed  in  this  country  and 
abroad.  Many  five-wire  systems  are  being  changed  to  three-wire, 
with  220-volt  lamps. 
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Three-wire  Sf/stem  with  Double 
Dynamo. 
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Three-wire  System  with  Double  Dynamo.  —  Various  arrange- 
ments have  been  used  or  proposed  as  substitutes  for  the  ordinary 
plan  of  using  two  generators.     One  of  these,  outlined  in  Fig.  49, 

employs  a  double  dynamo  D, 
having  two  armature  windings 
upon  the  same  core,  connected 
to  two  separate  commutators 
CC.  This  double  generator  is 
used  in  the  same  manner  as 
\he  two  generators  in  Fig.  43, 
and  may  save  flonr-space  as  well 
as  the  trouble  of  running  two 
machines,  but  no  great  advantage  is  secured. 

Bridge  Arrangement  of  Three-wire  System.  —  Probably  the  first 
method  of  opcratini^  a  three-wire  circuit  by  means  of  a  single  gen- 
erator was  the  bridge  connection  devised  by  Edison.*     The  plan 

•  U.  S.  Patent  No.  343,017,  June  i,  1S86. 
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Fiq.  50.     Bridge  Arrangement  of  fHree-Wlrt 
System. 


is  indicated  in  Fig.  50,  and  consists  simply  in  connecting  a  resis- 
tance RR  across  the  outside  conductors  +  and  — ,  the  neutral 
wire  0  being  brought  to  a  point 
on  the  resistance  through  the 
niovable  switch-arm  S,  The 
objections  to  this  method  are, 
first,  the  continuous  loss  of  en- 
erg)'  that  occurs  through  the 
resistance  RR,  and  second,  the 

fact  that  the  arm  ^  must  be  adjusted  for  any  change  in  load,  in 
order  to  equalize  the  pressures  oh  the  two  sides  of  the  circuit. 

Three-wire  System  with  Storage  Battery. -— This  modification, 
illustrated  in  Fig.  61,  requires  only  a  single  dynamo,  D,  generating 
the  total  pressure  for  both  sides  of  the  system,  which  is  usually 
about  230  volts.  A  storage  battery,  AB,  is  connected  between  the 
two  outside  wires  -f  and  — ,  the  neutral  wire  0  being  led  to  the 
middle  point  of  the  battery.  In  cases  where  it  is  advantageous  to 
employ  a  battery  to  equalize  the  load  on  the  engines,  or  for  other 
reasons,  this  plan  is  a  convenient  one,  since  it  only  necessitates 
the  running  of  one  dynamo.  The  potential  of  the  neutral  wire  0 
may  be  varied  to  make  up  for  differences  in  load  on  the  two  sides 
of  the  system  by  shifting  the  point  at  which  it  is  connected  to  the 
battery.  If  the  difference  of  potential  between  the  two  outside 
conductors  is  greater  than  the  E.M.F,  of  the  battery,  the  latter 

^      will  be  charged,  and  vkc  vcrsd^  the  same  as  in  a  two-wire  system. 

B     With  a  three-wire  circuit  it  is  also  possible  for  one  part,  A^  of  the 

battery  to  be  discharging  while  the  other  part,  i?,  is  charging. 
This  may  occur  if  there  are  a  great  many  lamps  on  the  +  side, 
and  very  few  on  the  —  side.  The  function  of  the  battery  is  to 
act  as  an  equalizer,  taking  or  giving  current,  as  required,  and  keep-  ' 
ing  the  potential  of  the  neutral  wire  approximately  half  way  be- 
tween the  potentials  of  the  +  and  —  conductors.  The  fall  in 
voltage  during  discharge  and  the  rise  during  charge,  amounting  to 
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three-tenths  of  a  volt  or  more,  being  nearly  15  per  cent,  and  the 
difference  between  the  charging  and  discharging  pressures,  make 
it  necessary  to  employ  extra  cells  and  switching-<levices,  or  means 
of  regulation,  such  as  are  described  in  Volume  1.,  page  397.  A 
differential  booster  may  also  be  used  to  automatically  generate  the 
extra  voltage  required  to  charge  the  batter}'.  ^ 

The  storage  battery  represented  in  Fig.  51  can  be  placed  at  a  H 
distance  from  the  generator,  and  connected  to  it  by  two  feeders, 
three  wires  being  required  only  for  the  local  distribution.  This 
arrangement  also  enables  the  current  on  the  feeders  to  be  made 
more  uniform,  the  battery  being  charged  during  periods  of  light 
load,  and  discharged  when  the  demands  for  current  are  great. 
This  permits  feeders  of  smaller  size  to  be  used,  and  also  reduces 
the  variations  in  load  on  the  generating  plant,  so  that  the  latter 
operates  more  efficiently,  and  can  be  designed  for  less  capacity S 
than  the  maximum  load.  But  extra  expenses  for  attendance,  rent, 
etc.j  are  involved  at  the  sub-stations. 

Three-wire  System  with  Three-brush  Dynamo.  —  Fig.  52  indi- 
cates another  three-wire  arrangement  that  can  be  operated  with 
only  one  generator,  /?,  the  neutral  wire  being  connected  to  a  third 
brush,  Ff  placed  half  way  between  the  main  brushes  E  and  6^,  to 

which  the  outside  wires  -f-  and 
—  are    respectively    attached. 
With   most   types  of   dynamo 
+  ■   ^ J-       the  brush  F  would  spark  ex- 
A   A         cessively  because  it   short-cir-fl 
-T    T  ^       cuits  the  armature  coils  when 
they  are  generating  the  maxi- 
mum F.M.F.     There  are  sev- 
eral ways  to  avoid  this  difficulty,  M 
one  of  which  consists  in  employ- 
ing  a  four-pole  dynamo,  shown 
in  Fig.  53,  having  two  adjacent  north  poles,  .Vand  N,  the  other  twofl 
being  south  poles,  5  and  S.     The  machine  thus  becomes  in  effect 
a  bipolar  dynamo  with  each  pole  divided,  the  armature  coils  short-  _ 
circuited  by  the  brush  /'"being  in  the  space  between  the  two  halves  f 
5  and  5  of  the  south  pole,  where  they  generate  little  or  no  E.M,F. 
A  dynamo  to  be  used  in  this  way  requires  a  field-magnet  ring  of 
suiHcient  cross-section  between  the  N  ajid  5  poles  (i.e.^  at  the  top 
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and  bottom  in  Fig.  53)  to  carry  the  total  magnetic  flux  of  one  field 

core.   .  In  an  ordinary  multipolar  machine  with  alternate  ^V  and  S 

poles,  this  ring  need  have  only  one-half  as  much  sectional  area. 

Since  practically  no  flux  passes  through  the  two  sides  of  the  field 

ring  they  might  be  greatly  reduced  in  size,  but  this  is  limited  by 

considerations  of  strength  and  appearance.     The  radial  depth  of 

the  armature  core  must  also  be  sufficient  for  the  total  flux  of  one 

field  core.     The  extra  quantity  and  less  favorable  disposition  of 

material  in  the  generator  is  not  a  very  serious  matter,  however ; 

and  this  plan  of  operating  a  three-wire  system  would  often  be  a 

very  practical  and  convenient  one  for  small  plants. 

There  is,  however,  with  this  arrangement,  the  difficulty  that 
annature  reaction  tends  to  increase  the  flux  in  the  lower  ^9  pole, 
and  retiuce  it  in  the  other,  hence  with  heavy  loads  the  voltage  on 
the  -|-  side  of  the  system  would  be  less  that  on  the  —  side.  This 
can  be  counteracted  by  compound  winding  on  the  upper  5  pole, 
and  differential  winding  on  the  lower  S  pole.  Another  brush  could 
Replaced  between  the  two  A^ poles,  and  connected  in  parallel  with 
^!  but  since  the  neutral  wire  only  carries  a  comparatively  small 
current,  one  brush  would  ordinarily  be  sufficient,  the  main  portion 
of  the  current  being  supplied  through  the  brushes  E  and  G. 

Dobrowolsky  Three-wire  System.  —  Another  method  of  operat- 
ing a  three-wire  system  by  means  of  a  single  dynamo  invented  by 


Fig.  54.    Dobrtmoltlifi  Sj/aUm  ur(th  Self-tnductfoa  Coii. 

olivo-Dobrowolsky  *  is  represented  diagram  mat  ically  in  Fig. 
^■^'  It  consists  of  an  ordinary  direct  current  generator,  the  arma- 
ture/4  and  pole  pieces  N  and  5  of  which  are  shown.  A  self-induc- 
twncoil,  Z),  is  connected  to  two  diametrically  opposite  points  of  the 
winding  of  the  armature  A.     The  coil  D  may  be  carried  by  and 

•  U.  S.  Patent,  No.  613,000,  Jan.  U,  1894. 
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revolve  with  the  armature  ;  but  in  the  construction  represented  it  is 
stationary,  being  connected  to  the  armature  winding  through  the 
brushes  CC,  rings  and  wires  JJ.  The  middle  point  of  the  self- 
induction  coil  D  is  connected  to  the  neutral  conductor  0  of  the 
three-wire  system,  the  outside  conductors  +  and  —  being  supplied 
from  the  brushes  BE  in  the  usual  manner.  The*  E.M.F  at  the 
terminals  of  the  coil  D  is  alternating ;  hence  the  latter,  on  account 
of  its  self-induction,  does  not  act  as  a  short-circuit  to  the  armature. 
Furthermore,  the  inductances  of  the  two  halves  of  the  coil  D  being 
equal,  the  potential  of  the  neutral  wire  0  is  kept  midway  between 
the  iwtentials  of  the  outside  wires  -|-  and  — .  When  the  two 
sides  of  the  system  are  unbalanced  in  load,  the  difference  in  cur- 
rent carried  in  one  direction  or  the  other  by  the  neutral  wire 
passes  freely  through  the  coil  D^  since  the  current  is  steady,  or 
varies  slowly,  and  is  therefore  unimpeded  by  the  self-induction.  It 
is  evident  that  the  ohmic  resistance  of  D  should  be  as  low  and  its 
self-induction  as  high  as  possible,  in  order  that  the  loss  of  energy 
aiid  the  difference  in  voltage  on  the  two  sides  of  the  system  shall 
be  as  small  as  possible  under  all  conditions. 

Three-wire  System  with  Auxiliary  Generator.  —  In  the  three- 
wire  system  represented  in  Fig.  55  the  neutral  wire  0  is  connected 
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to  an  auxiliary  machine  //  which  supplies  a  potential  one-half  as 
great  as  that  of  the  main  dynamo  D,  The  machine  //  acts  as  a 
generator  when  the  —  side  requires  more  current  than  the  -f  side, 
but  it  runs  as  a  motor  when  the  current  on  the  -f  side  is  greater. 
Hence  it  should  be  belted  to  or  directly  coupled  with  the  dynamo 
Dt  in  order  to  save  its  power  when  acting  as  a  motor.  The  machine 
H,  being  intended  to  carry  only  the  difference  between  the  cur- 
rents on  the  two  sides  of  the  system,  may  have  only  5  or  10  per 
cent  of  the  capacity  of  the  dynamo  Z>.  This  is  sufficient  as  long 
as  the  sides  are  fairly  well  balanced,  but  is  entirely  inadequate  if 
the  difference  becomes  great,  which  may  easily  occur  by  accident. 
The  ordinary  three-wire  arrangement,  or  that  shown  in  Fig.  52, 


THREE   AaVD  five   WIRE  SYSTEMS  OF  DISTRIBUTJOX,       79 


has  the  advantage  of  behig  able  to  operate,  if  necessary,  with  a  full 
load  on  one  side  and  none  on  the  other,  which  might  occur  if  there 
was  an  open  circuit  on  one  of  the  outside  wires,  due  to  the  blowing 
of  a  fuse  or  to  some  other  cause. 

The  same  statements  apply  to  the  storage  battery  in  Fig.  51, 
which  may  be  designed  to  have  a  capacity  equal  to  the  full  load  or 
only  a  fraction  of  it. 

Three-wire   System  with  **  Compensators "   is  represented   in 
Fig.  56,  in  which  the  two  auxiliary  machines  j^and  iVare  mechani- 
cally coupled  together,  and  each  generates  one-half  as  much  pressure 
as  the  main  dynamo  D.    These  machines  are  called  campensators  or 
(qualhers,  and  serve  to  equalize  the  pressure  and  load,  the  one  on 
the  more  lightly  loaded  side  running  as  a  motor,  and  driving  the 
other  as  dynamo.     Hence  they  are  capable  of  operating  with  a  dif- 
ference in  power  on  the  two  sides  of  the  circuit  equal  to  their 
combined  capacity.     When  the  system  is  perfectly  balanced,  both 
machines   run  as  motors  without  load,  and  consume  very  little 
energy. 

This  combination  involves  three  machines  in  place  of  the  two 
(l)'nainos  required  in  the  ordinary  three-wire  system ;  nevertheless, 
it  is  very  commonly  and  successfully  used,  being  in  many  cases 
decidedly  preferable.  The  two  machines  M  and  N  are  entirely 
sclf-aaing,  dri\'ing  each  other  mechanically  and  maintaining  equal 
voltages,  with  very  little  attention  or  likelihood  of  trouble.  They 
are  in  most  cases  more  easily  operated  than  a  second  d}Tiamo,  and 
the  friction  as  well  as  other  losses  are  usually  less. 

If  both  armature  windings  are  upon  the  same  core,  armature 
reaction  is  neutralized,  and  the  tendency  to  sparkling  greatly  re- 
<luced.  A  still  more  important  advantage  is  the  fact  that  the 
<louble  machine  MN  can  be  placed  at  any  desired  distance  from 
the  generating  plant  and  connected  to  it  by  two  feeders,  three  wires 
being  required  only  for  the  local  distribution,  as  already  stated  in 
reference  to  Fig,  51,  It  is  also  possible  to  run  a  "booster"  or 
small  auxiliary  dynamo  by  means  of  the  compensating  machines 
-Vand  iV,  in  order  to  raise  the  pressure  of  the  circuit  a  certain 
amount,  and  make  up  for  drop  on  the  conductors.  An  arrangement 
of  this  kind,  illustrated  in  Fig.  57,  requires  only  one  "booster,"  B^ 
for  both  sides  of  the  system.  The  compensating  machines  j)f  and 
"A'^are  connected  to  the  outside  conductors  at  the  points  R  and  S 
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beyond  the  booster  By  and  therefore  have  the  increased  difference 
of  potential,  which  they  subdivide  in  two  equal  parts  for  the  two«B 
sides  of  the  system.     The  three  machines  />,  J/,  and  iVare  me* 
chaiiically  connected  together  by  direct  coupUng  or  belting. 

The  field  magnets  in  Figs.  55,  66,  and  57  may  all  be  excited 
by  simple  shunt  winding  connected  to  the  brushes  of  each  machine 
respectively.  It  is  preferable,  however,  to  feed  all  the  field  coils 
from  the  main  current  supplied  by  the  generator  /?,  since  that 
makes  each  machine  less  likely  to  aggravate  variations  that  occur 
in  its  own  portion  of  the  circuit.  The  shunt  coils  of  the  comiien- 
sators  MN  in  r^igs.  56  and  57  may  be  connected  in  parallel  or  in 
series  to  the  outside  wires  -f  and  — .    The  iield  coils  of  the  booster 
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B  in  Fig.  57  may  also  be  fed  from  the  main  conductors  4-  and  — , 
in  which  case  its  voltage  would  be  regulated  by  hand,  using  a  varia- 
ble resistance  in  the  field  circuit-  If,  however,  it  were  provided 
with  a  series  winding  through  which  the  main  current  of  the  + 
conductor  passed,  the  extra  pressure  produced  by  it  would  aiito- 
maticaliy  increase  with  the  current  as  described  in  reference  to 
feeder  regulation  in  Fig.  39. 

If  the  strength  of  the  fields  in  the  machines  J/ and  TV  (Figs 
56  and  57)  are  capable  of  being  independently  regulated,  the  vol- 
tages on  either  side  of  the  system  may  be  varied  to  make  up  for 
differences  in  load,  the  pressure  being  made  somewhat  higher  oftS 
the  more  heavily  loaded  side  to  counterbalance  the  greater  drop 
on  the  conductors.  This  regulation  can  be  made  automatic  by  the 
arrangement  represented  in  Fig.  58.  The  main  generator  D  is 
assumed  to  be  sufficiently  over-compound  wound  to  make  up  for 
the  total  drop  on  the  conductors.     Additional  control  of  the  vol- 
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tagc  may  be  obtained  by  adjusting  the  variable  resistance  R  in 
the  shunt  field  circuit.  The  compensating  machines  M  and  iV, 
mechinically  coupled  as  before,  are  also  compound  wound.  The 
effect  of  the  series  field-coils  P  is  to  cause  the  machine  on  the  heav- 
ily loaded  side  to  produce  a  higher  voltage,  and  the  one  on  the 
more  lightly  loacletl  side  a  lower  voltage,  whereby  the  difference 
in  drop  is  equalized.  Assuming  three  lamps,  each  taking  one  am- 
pere on  the  -h  side  and  one  lamp  on  the  —  side,  the  dynamo  D 
will  supply  two  amperes,  as  indicated  by  arrows  and  figures,  the 
machine  M  will  generate  one  ampere  additional,  being  driven  by 
the  machine  N  acting  as  motor,  and  using  one  ampere.  The  cur- 
rent in  the  series  field-coils  P  increases  the  E,M,F,  of  J/,  and 
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decreases  the  counter  E.M.F.  of  N,  since  it  flows  in  a  reverse 
direction  in  the  latter ;  hence  the  difference  in  drop  on  the  wires 
Witween  the  comj^ensator  MN  and  the  lamps  may  be  equalized 
provided  the  compound  winding  is  properly  proijortioned. 

Conversion  from  Three-  to  Two-wire  System,  —  A  three  wire 
system  of  conductors  can  readily  be  connected  so  that  it  may  be 
used  as  an  ordinary  two-wire  circuit.  For  this  purpose  the  two  owt- 
s»de  wires  are  connected  to  one  terminal,  and  the  middle  wire  to 
the  other  terminal  of  the  generator,  as  represented  in  Fig.  59.  The 
l^ps  are  fed  between  the  middle  conductor  and  either  of  the 
others,  but  the  direction  of  current  is  reversed  in  all  of  those  that 
are  on  one  side  of  the  system.  This  makes  no  difference  in  the 
operation  of  incandescent  lamps,  but  would  require  the  connec- 
tion of  arc  lamps  to  be  reversed,  the  same  being  true  of  storage 
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batteries,  electroplating  cells,  or  other  electro-chemical  apparatus 
that  may  be  on  that  side  of  the  system.  Some  forms  of  meters, 
and  other  measuring  instruments,  would  also  be  reversed  in  action. 
Motors  running  on  either  side  of  the  circuit  would  not  be  affected, 
since  the  direction  of  rotation  is  not  changed  by  reversing  the  cur- 
rent in  both  armature  and  field  coils.  Hut  a  motor  or  other  deiicc 
connected  across  the  outside  wires,  which  is  the  usual  arrangement 
for  the  former,  would  receive  no  current,  because  these  wires  are 
of  practically  the  same  potential  when  used  in  this  way. 

The  drop  on  the  conductors  is  greatly  increased  by  conversion 
to  the  two- wire  arrangement.  In  a  perfectly  balanced  three-wire 
system  there  is  practically  no  current  or  drop  on  the  middle  wire; 
but  when  used  as  a  two-wire  circuit,  the  current  and  drop  on  this 

conductor    is    twice    that   in 
+  % r T T +        either   of  the   others,    conse- 

9     ?     9 


quently  the  total  drop  is 
three  times  as  great  as  be* 
fore.     This  assumes  that  the 
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fig.  so.  conuershn  from  Thr^f^^wfrB  to  middle  wirc    is   the   samc  in 
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size  as  either  of  the  others. 
If  it  is  only  one-half  as  large,  then  the  drop  in  it  would  be  four 
times  as  great  as  in  one  of  the  outer  conductors,  and  the  total 
drop  five  times  as  much  as  in  a  balanced  three-wire  system. 
There  is  also  danger  of  blowing  the  fuses  on  the  middle  wire,  or  ' 
overheating  it,  unless  it  is  specially  designed  to  be  used  in  this  way.  ■ 

There  are  two  cases  in  which  the  conversion  from  the  three- 
to  the  two-wire  system  is  commonly  practiced.  First,  a  small 
station,  or  isolated  plant,  which  is  operated  un  the  three-wire  plan 
when  heavily  loaded,  and  on  the  two-wire  plan  for  light  loads,  one 
dynamo  being  sufficient  in  the  latter  case,  and  the  drop  on  the  con- 
ductor then  being  quite  small.  Second,  an  isolated  plant,  which  is 
supplied  by  its  own  generator  most  of  the  time,  but  is  connected 
to  the  three-wire  •'  street  circuit  *'  (i.e.,  central  station  conductors) 
during  certain  portions  of  the  day  or  night,  or  in  case  its  machin- 
ery is  disabled.  On  account  of  the  latter  contingency  the  name 
"breakdown  switch  "  is  applied  to  the  device  which  connects  the 
wiring  inside  the  building  with  the  outside  conductors.  This 
switch  may  be  so  made  that  it  simultaneously  opens  the  connec- 
tions with  the  local  generator. 
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OPERATION  OF  THREE -WIRE  SYSTEMS. 


The  general  arrangement  of  three-wire  feeders  and  mains  may 
be  made  substantiaily  the  same  as  already  described  for  the  two- 
wire  system,  the  same  methods  and  care  being  used  in  regulating 
the  voltage.  The  feeders  may  consist  of  three  conductors  of  the 
same  size  ;  but  usually  the  neutral  feeder  is  made  ^  or  i  as  large 
as  either  of  the  others,  and  if  storage  batteries  or  equalizing  ma- 
chines are  placed  at  the  outer  ends  of  the  feeders,  the  neutral  con- 
ductor may  be  omitted,  as  previously  explained  (Figs.  51  and  56). 
For  the  mains  and  leads  the  three  wires  arc  generally  made  the 
same  in  size.  The  important  point  in  connection  with  the  three- 
wire  system  is  the  necessity  for  carefully  baiancing  it ;  that  is, 
l_ keeping  the  currents  on  the  two  sides  approximately  equal,  To 
ccomplish  this  the  lamps  and  other  devices  requiring  current  are 
divided  between  the  two  sides  of  the  system,  so  that  the  loads  shall 
be  as  nearly  as  possible  the  same  for  full  capacity  or  any  fraction 
of  it.  For  this  reason  all  three  wires  should  be  carried  to  any  point 
where  energy  is  required,  unless  the  amount  is  extremely  small 
This  applies  to  every  building,  even  though  it  contains  only  a  few 
lamps,  and  in  fact  to  almost  every  room  that  is  to  be  supplied  with 
current.  In  this  way  the  chance  of  having  any  considerable  differ- 
ence in  load  is  reduced  to  a  mLnimum. 

Nevertheless,  it  is  possible  that  a  great  many  lamps  might  hap- 
pen to  be  lighted  on  one  side  of  the  system  and  very  few  on  the 
other  side,  in  which  case  the  drop  in  voltage  would  have  about 
twice  its  normal  value  for  the  larger  number  of  lamps,  while  the 
pressure  might  be  raised  for  the  smaller  number,  as  already  ex- 
plained (Fig.  4G).  The  likelihood  of  this  happening  is  small, 
however,  particularly  in  large  systems,  provided  the  lamps  arc 
carefully  divided  in  wiring  them.  In  case  many  lamps  are  to  be 
lighted  at  the  same  time,  they  should  be  controlled  by  three-pole 
switches,  which  connect  them  to  the  two  sides  equally,  or  they 
should  be  divided  into  groups  that  are  thrown  on  the  sides  alter- 
nately. 

It  is  not  sufficient  in  a  three-wire  system  to  have  equal  num- 
bers of  lamps  on  the  two  sides,  they  must  also  be  distributed  in 
approximately  the  same  manner.  For  example,  with  a  group  of 
lamps  requiring  100  amperes   connected  between  the   -f   and   0 
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wires  at  one  point  and  an  equal  load  between  the  0  and  —  wires 

some  distance  away,  there  would  be  a  current  of  100  amperes 
flowing  on  the  0  wire  between  those  points.  This  involves  con- 
siderable extra  drop,  although  the  system  would  appear  at  the  gen- 
erating station  to  be  perfectly  balanced.  In  practice  this  local 
unbalancing  of  the  three-wire  system  is  one  of  the  chief  causes 
of  variations  in  voltage  upon  it,  and  should  be  made  as  small  as 
possible  by  carefully  distributing  the  load  on  both  sides  of  the 
system.  It  is  this  fact  which  renders  it  desirable  to  carry  all  three 
wires  to  almost  every  place  where  current  is  required,  even  though 
a  fair  balance  in  the  total  load  might  be  obtained  by  supplying 
buildings  alternately  from  the  two  sides  of  the  system.  1 

Grounding  the  Neutral  Conductor.  —  A  question  that  has  aroused 
much  discussion  is  the  advisability  of  purposely  grounding  the 
neutral  conductor  of  a  three-wire  system.  The  two  principal  ar- 
guments  in  favor  of  this  plan  are :  First,  it  practically  limits  the 
potential  between  any  point  on  the  system  and  the  earth  to  about 
110  volts  ;  second,  it  reduces  the  drop  on  the  neutral  conductor, 
since  the  current  can  also  flow  through  the  earth.  In  regard  to 
the  first  of  these  reasons^  it  is  a  fact  that  the  potential  of  the  posi- 
tive wire  may  rise  to  220  volts  if  the  negative  wire  becomes 
grounded,  or  vice  versd  when  the  neutral  wire  is  insulated.  But 
it  can  hardly  be  said  that  trouble  would  be  avoided  if  the  neutral 
were  grounded,  as  an  accidental  ground  connection  on  either  of 
the  other  sides  would  make  a  short-circuit  and  blow  the  fuse, 
thus  putting  out  the  lamps  on  that  portion  of  the  circuit.  To  be 
sure  this  locates  the  trouble,  and  calls  for  immediate  attention, 
which  may  be  a  simple,  but  is  also  a  crude  way  to  keep  the  cir- 
cults  clear  of  faults.  If  an  accidental  ground  connection  exists  ■ 
on  one  of  the  conductors  when  the  neutral  wire  is  not  grounded, 
no  trouble  results  until  another  ground  occurs  on  one  of  the  other 
two  conductors.  In  the  meantime  an  opportunity  is  afforded  to 
correct  the  fault  before  any  interruption  of  service  or  difficulty  of 
any  kind  is  experienced. 

Unfortunately  it  is  very  troublesome  to  detect  and  locate  a 
ground  connection  even  on  a  two-wire  circuit,  and  still  more  so 
with  three  wires.  Nevertheless,  there  are  methods  which  will  ac- 
complish this  result ;  and  if  these  were  more  generally  used,  they 
would   be  found   to  afford    reasonably   practical    and   convenient 
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means  of  taking  care  of  three-wire  systems.  But  these  methods 
fail;  in  fact,  the  problem  is  practically  impossible  to  solve  if  the 
neutral  wire  is  grounded.  This  matter  will  be  discussed  further 
in  the  chapter  on  Detecting  and  Locating  Faults. 

Regarding  the  second  advantage  of  grounding  the  neutral  con- 
ductor, it  may  be  said  that  it  is  well  enough  to  use  the  earth  to  re- 
enforce  the  conductance  of  the  circuit,  provided  no  serious  difficulty 
results.  But  it  is  found  that  great  damage  is  done  by  electrolytic 
action  on  gas,  water,  and  other  kinds  of  pipes,  if  large  currents  are 
allowed  to  flow  promiscuously  through  the  earth.  In  the  case  of 
electric  railways  with  overhead  trolleys,  it  is  necessary  to  allow  the 
current  to  pass  into  the  track,  or  else  adopt  the  doublc-trollcy  sys- 
tem, which  is  complicated,  and  not  considered  practicable  for  general 
use.  But  even  for  the  trt>lley  system  the  tendency  is  to  demand 
more  perfect  bonding  of  the  rails,  and  the  use  of  return  feeders  to 
reduce  the  stray  currents.  In  electric  lighting  there  is  no  neces- 
sity for  mtentionally  grounding  the  circuit  or  any  ix>rtion  of  it,  but 
it  is  generally  recommended  for  the  secondary  circuit  of  a  trans- 
former, as  a  safeguard  in  case  the  high-tensiim  primary  circuit 
accidentally  connects  with  the  secondary. 

Insurance  and  fire  department  authorities  have  been  vigorously 
opposed  to  grounding  the  neutral  of  a  three-wire  system,  or,  in  fact, 
any  part  of  an  electrical  circuit,  their  experience  having  led  them 
to  believe  that  it  is  the  source  of  danger  and  trouble.  This  prac- 
tice is  not  so  strongly  opposed  at  present,  and  is  being  more  gen- 
erally adopted,  as  nearly  all  central  station  officers  would  prefer  to 
ground  the  neutral  conductors. 

Peculiar  Conditions  on  a  Three-wire  System. — The  following 
cases  may  occur  :  — 

1.  The  dynamo  or  dynamos  on  one  side  of  the  system  may  be 
accidentally  reversetl,  so  that  both  of  the  outside  wires  are  positive 
or  both  negative.  In  that  case  a  motor  f>r  other  tlevice  fed  by  the 
two  outside  conductors  will  receive  no  current ;  but  lamps,  etc.,  con- 
nected between  the  neutral  and  either  of  the  outside  wires,  will  have 
the  usual  voltage,  which  will  be  reversed  on  one  side. 

2.  If  one  of  the  outside  wires  is  open  at  B,  Fig.  60,  due  to  the 
blowing  of  a  fuse  or  other  cause,  a  motor,  M  (220-volt ),  beyond 
the  break  B,  will  receive  some  current  at  110  volts  through  any 
lamps  L  that  may  be  on  the  same  side  of  the  break  as  the  motoi» 
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and  on  the  same  side  of  the  system  as  the  break.  These  lamps 
will  light  up  when  the  motor  is  connected,  but  the  latter  will  have 
comparatively  little  power. 

3.    If  the  neutral  wire  is  open,  a  motor  or  other  device  con- 
nected to  the  outside  wires  will  act  as  usual,  but  lamps  on  one  side 
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of  the  system  will  burn  more  brightly  than  those  on  the  other  side, 
unless  the  two  sides  are  exactly  balanced. 

4.  If  one  of  the  outside  wires,  Fig.  61,  becomes  grounded  at 
P,  a  110-volt  lamp,  L,  or  other  apparatus,  also  grounded  and  con- 
nected to  the  other  outside  wire,  will  receive  220  volts,  which  is 
likely  to  destroy  it. 

FIVE- WIRE  SYSTEMS. 

The  principle  of  the  three-wire  system  may  be  extended,  in  ord 
to  effect  a  still  greater  saving  of  copper  in  electrical  distribution. 
It  would  be  possible,  for  example,  to  have  a  four-wire  system  re- 
quiring two-ninths  as  much  copper  as  an  equivalent  two-wire  cir- 
cuit ;  but,  for  reasons  to  be  given  later,  it  has  rarely,  if  ever,  been 
tried.  The  five-wire  system  is  employed  in  many  places  in  Europe, 
but  has  not  been  introduced  to  any  extent  in  this  country.  It  may 
be  operated  with  four  dynamos,  C,  D,  E,  and  /%  as  represented  in 
Fig.  62 ;  but  the  arrangements  shown  in  Figs.  63  and  64  are  more 
common.  The  second  of  these  is  similar  to  the  three-wire  system 
illustrated  in  Fig.  56,  only  one  main  dynamo,  A  being  required ; 
and  the  total  pressure  generated  by  it,  ordinarily  about  440  volts, 
is  subdivided  by  the  four  small  equalizing  machines  or  compensa- 
tors,y,  Ky  Ly  and  M.  These  may  consist  of  four  separate  machines 
mechanically  connected  together,  or  they  may  be  made  with  all  of 
their  armature  windings  upon  the  same  core  and  acted  upon  by  one 
field  magnet,  in  order  to  neutralize  the  effects  of  armature  reaction. 
Fig,  63  shows  a  combination  similar  to  the  three-wire  system 
represented  in   Fig.  51,  a  battery,  N,  F,  Q,  R,  being  utilized  to 
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subdivide  the  voltage  of  the  main  dynamo  D.  The  conductors  are 
designated,  as  shown  in  Fig.  62,  the  two  extra  wires  being  called  the 
"  positive  neutral "  ©  and  the  *•  negative  neutral  "  0  respectively. 
The  comparative  weight  of  copper  required  for  the  five-wire 
system  may  be  determined  by  reasoning  similar  to  that  used  in 
connection  with  the  three-wire  diagrams  (Figs.  47  and  48).  But 
it  can  be  arrived  at  more  simply  by  considering  that  the  current 
in  each  of  the  outside  wires  of  a  perfectly  balanced  five-wire  sys- 
tem is  one-quarter  as  much  as  in  a  two-wire  circuit  supplying  the 
same  number  of  lamps.  Hence  the  drop  is  only  one-quarter  as 
great,  assuming  the  conductors  to  be  of  the  same  size.  Hut  since 
with  five  wires  there  are  four  sets  of  lamps  in  series,  \}\t percentage 
of  drop  is  i  X  i  =  tV  as  much,  or  in  other  words,  each  conductor 
need  be  only  one-sixteenth  as  large  for  the  same  percentage  of 
drop.  Therefore  the  two  outside  conductors  of  the  five-wire  sys- 
tem weigh  one-sixteenth  as  much  as  those  of  an  equivalent  two- 
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wire  circuit,  and  the  five  conductors  weigh  f  X  iV  =  A  as  much,  if 
all  are  made  of  the  same  size.  By  making  each  of  the  three  in- 
termediate wires  one-half  as  large  as  each  of  the  outside  ones,  the 
total  weight  is  reduced  to  ^  -\-  I  X  ^  =  ^i,  or  less  than  one-eighth 
3s  much  copper  as  the  two-wire  circuit  demands.  The  various 
faults  that  have  been  obtained  may  be  recapitulated  as  follows  :  — 

COMPARATIVE   WEIGHTS   OF   CUPPER    REQUIRED. 

Ordinary  two- wire  system i.ooo 

Three-wire  system,  all  three  wires  of  same  size      ....       .375 

Three-wi re  system,  neutral  one-half  size 313 

Four-wire  system,  all  four  wires  of  same  size     .....       .222 

Five-wire  system,  all  five  wires  of  same  sire 156 

Five-wire  system,  three  inside  wires  one-half  size 109 

Sevea-wire  system^  all  seven  wires  of  same  size 097 
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It  is  evident  that  similar  systems  having  a  greater  number  of 
wires  might  be  designed,  but  they  would  be  extremely  complicated, 
and  of  very  doubtful  advantage.  In  fact,  the  desirability  of  a  five- 
wire  system  is  questionable,  since  the  use  of  220-volt  lamps  ena- 
bles three-wire  circuits  to  be  operated  at  440  volts.  A  five-wire 
system  calls  for  an  even  more  perfect  balance  of  load  than  is 
needed  for  three-wire  circuits.  This  is  secured  by  carefully  divid- 
ing the  lamps,  etc.,  between  the  four  j^arts  of  the  system  so  that 
the  loads  may  be  as  nearly  ec|ual  as  possible  at  all  times.  To  this 
end  all  five  wires  should  be  carried  wherever  any  considerable 
amount  of  energy  is  likely  to  be  used,  as  represented  at  A  in  Fig. 
64.     If  the  demand  for  current  is  small,  it  is  only  necessary  to  run 
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three  wires,  as  shown  at  B.  But  in  this  case  an  approximately" 
equal  load,  P,  .should  be  connected  to  the  other  side  of  the  system, 
as  near  B  as  possible.  For  very  small  loads,  £,  F,  7?,  and  S,  it 
may  be  allowable  to  put  them  on  the  separate  parts  of  the  systems, 
provided  they  are  equally  distributed,  and  not  far  apart,  as  repre- 
sented. Motors  should  generally  be  supplied  from  the  two  out- 
side wires  (440  volts)  as  indicated  at  iV;  but  if  they  are  not  large 
they  may  be  Cf>nnected  to  the  -f  and  0  or  to  the  0  and  —  con- 
ductors (220  volts)  at  /)  or  /*,  and  very  small  machines,  such  as 
fan  motors,  may  be  connected  to  adjacent  wires  (110  volts)  at  Iz 
or  R.  Arc  lamps  may  be  arranged  as  shown  at  F  and  S,  or  a 
suitable  number  may  be  put  in  series  across  the  outer  wires  at  A 
or  B. 
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The  flow  of  the  currents  and  values  of  the  potential  in  five-wire 
systems  may  be  determined  by  extending  the  methods  already 
explained  in  connection  with  three-wire  circuits.  Although  appar- 
ently a  complicated  matter,  a  problem  of  this  kind  can  be  solved 
without  much  difficulty  in  most  cases.  In  practice  the  current  to 
be  supplied  is  usually  known,  or  its  probable  value  may  be  assumed. 
A  diagram  similar  to  Fig.  %b  should  then  be  made,  showing  the 
arrangement  of  circuits  and  distribution  of  current.  It  is  much 
'  simpler,  and  in  most  cases  sufficiently  accurate,  to  consider  the 
lamps  or  other  apparatus  requiring  energy  to  be  located  in  groups, 
approximating  as  closely  as  possible  their  actual  positions. 

This  enables  the  conductors  to  be  divided  into  sections,  in  each 
Iwhich  the  current  is  uniform,  as  represented  in  Fig.  C5.     The 
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dctmnlnation  of  the  amount  and  direction  of  the  currents  in  the 
^'anous  sections  is  easily  made.  If  10  amperes  are  required  at  £ 
^nJ  also  at  /%  it  follows  that  that  amount  of  current  will  flow  out 
^'^  tliL'  -I-  wire,  and  half-way  back  on  the  ®  wire,  there  being  no 
current  in  the  rest  of  this  conductor.  Since  5  amperes  are  required 
^^  (^f  one-half  of  the  10  amperes  will  flow  out  to  that  point,  and 
^"c  other  5  amperes  will  return  to  the  dynamo  through  the  O 
•^•^nductor,  the  function  of  the  three  neutral  or  intermediate  wires 
"cing  to  carry  the  difference  between  the  currents  used  in  the  ad- 
)''^*cnt  portions  of  the  system,  whatever  its  amount  and  direction 
may  be. 

The  5  amperes  reqiu'red  at  H  are  supplied  by  the  0  conduc- 
'^""i  and  the  5  amjK!res  used  at  J  by  the  same  current  that  flows 
^iirou^jh  C,  hence  there  is  no  current  in  the  outer  half  of  the  0 
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wire.  The  currents  from  H  and/  return  to  the  dynamo  D  by  Ik 
—  conductor  as  shown.  In  a  similar  manner  the  flow  of  curren! 
in  any  multiple-wire  system  may  be  determined,  no  matter  hot 
large  or  how  small  the  loads  on  the  different  parts  may  be 

The  next  step  is  to  determine  the  voltage  at  the  various  pomts, 
as  indicated  in  Figs.  ^%  and  67.  Let  us  first  consider  the  esse 
ng.  66)  of  10  amperes  being  required  at  £",  with  no  current  used 
in  the  rest  of  the  system.  Assuming  each  conductor  to  have  ooe 
ohm  resistance,  the  drop  on  the  +  is  10  volts,  and  the  same  on  the 
©  wire,  so  that  the  lamps  receive  only  95  volts,  the  pressure  at 
the  dynamo  being  115  volts.  There  will  be  no  drop  on  any  of  the 
other  three  wires,  since  no  current  is  drawn  from  them.  It  is 
interesting  to  observe  that  the  potential  difference  between  the 
extremities  of  the  ®  and  O  wires  will  be  125  volts,  as  shown  in 
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Fig,  %^.  If  three  other  groups  of  lamps  were  added,  so  that  10 
amperes  would  flow  directly  across  from  E  to  _/,  the  total  drop 
would  be  20  volts  as  before,  10  volts  drop  being  transferred  from 
the  ©  to  the  —  wire,  and  each  group  would  receive  110  volts  in- 
stead of  95,  the  aggregate  number  of  lamps  being  four  times  as 
great.  This  brings  out  forcibly  the  advantage  of  a  perfectly  bal- 
anced five-wire  system  over  a  two-wire  circuit,  four  times  as  many 
lamps  being  supplied  with  one-quarter  as  much  drop  for  each. 

With  groups  of  lamps  placed  at  E,  /%  G,  H,  and  _/  (Fig.  67 
corresponding  to  Fig.  (35),  the  pressure  is  far  from  uniform,  al- 
though the  system  is  fairly  well  balanced  in  the  number  of  lamps, 
but  not  in  their  position.  This  potential  fliap^ram  is  made  by  draw- 
ing from  the  five  points  marked  -f,  ©,  Or  0,  aud  —,  lines  repre- 
senting the  pressure  in  the  resi>ective  conductors  and  portions 
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tViereof.     By  comparing  Figs.  65  and  67  it  will  be  seen  that  the 
direction  of  these  lines  is  easily  and  definitely  determined,  the  drop 
or  slope  of  each  section  being  equal  to  its  resistance  multiplied  by 
the  current  flowing  in  it.     In  this  connection  it  should  be  noted 
tHat  the  current  in  each  group  of  lamps  has  been  assumed  to  be 
I  constant,  but  it  is  evident  that  the  group  aty,  receiving  only  105 
^''olts,  will  take  less  current  than  those  at  G^  where  the  pressure  is 
117.5  volts.     This  fact  might  be  allowed  for  by  modifying  the  val- 
ues of  the  current  in  proportion  to  the  voltage  ;  but  the  resistance 
^^  tbe  lamps  also  varies,  so  that  it  would  be  very  difficult  to  calcu- 
^^te  the  current  that  each  group  would  take.     In  practice  conduc- 
^*^rs  are  designed  to  supply  a  given  current  at  a  certain  point ;  and 
^Hgr-fji;  variations  in  current  due  to  changes  in  resistance,  working 
Conditions,  etc.,  are  not  usually  considered. 

,  This  may  appear  to  be  a  somewhat  rough  method,  but  is  not 

p*^^il>*  justifiable,  but  practically  unavoidable.      In  electric  railway 
"^^•^rk,  for  example,  the  current  required  by  a  car  varies  greatly  with 
*^^^  speed,  grade,  condition  of  track,  load  on  the  car,  etc.     Hence 
*^He  only  practicable  plan  is  to  assume  a  certain  average  current,  or 
^  certain  maximum  current,  in  designing  the  generating  plant,  con- 
ductors, etc.      The  average  current  corresponds  to  the  ordinary 
"^^orking  conditions,  and  the  maximum  current  to  the  greatest  pos- 
Sib>le  requirements.     The   same*  is  true  for   electric   lighting,   in 
^^Kich  variations  in  the  resistance  of  lamps  are  far  less  im|x>rtant 
^Ha,n  the  changes  in  the  number  of  lamps  which  are  continually 
^eing  made. 

In   practice  the  electric-light   engineer   considers  the  initial 
^*^liage  at  the  generators,  the  resistance  ^arxA  cunrnt  in  each  portion 
<>C   the  conductors  which  gives  the  drop,  the  latter  subtracted  from 
tVie  initial  voltage  gives  the  pressure  at  the  lamps.     It  would  be  an 
easy  matter  to  calculate  the  resistance  of  the  lamps  by  dividing  the 
pressure  they  receive  by  the  current  flowing  through  them  ;  but  as 
a>  matter  of  fact  one  rarely,  if  ever,  does  this.     It  is  only  the  inex- 
perienced student  who  attempts  to  apply  Ohm's  law  to  the  circuit 
^  a  whole.     The  practicing  engineer  confines  it  to  determining 
^^edrop  on  the  conductors,  and  usually  considers  one  portion  at  a 
time,  the  drop  in  each  being  equal  to  its  resistance  multiplied  by 
ihe  current  carried  by  it.     The  same  is  true  in  power  transmission 
^d  distribution,  including  electric  railway  work.      In  fact  it  is 
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practically  impossible  to  predetermine  the  resistance  of  the  whole 
circuit  except  in  very  simple  cases. 

The  author  has  examined  five-wire  systems  in  successful  opera- 
tion on  a  large  scale  in  Paris  and  in  Manchester,  England.  The 
difficulties  encountered  are  not  serious,  and  are  apparently  not 
much  greater  than  with  three- wire  plants.  Nevertheless,  the  in- 
creased number  of  conductors  does  involve  more  complication  and 
possibility  of  accident.  In  the  future  the  three-wire  440-volt  sys- 
tem will  undoubtedly  be  selected  in  preference  to  five-wire  system.. 

Seven-wire  System-  —  This  is  the  next  higher  multiple-wire 
system  that  would  be  used,  since  it  can  readily  be  divided  into  two 
four-wire  systems,  or  three  ♦three-wire  systems,  in  order  to  supply 
current  to  individual  buildings  where  it  is  not  necessary  to  carry  ^| 
all  seven  conductors.  Neither  the  four-wire  nor  the  six-wire  sys- 
terns  are  capable  of  being  conveniently  divided  into  eqiiaJ  parts  in 
this  way  ;  hence  they  are  not  to  be  recommended  for  adoption,  ex- 
cept perhaps  in  some  special  case.  The  seven -wire  system,  with 
all  conductors  of  the  same  size,  requires  0.0972,  or  a  little  less 
than  one-tenth  as  much  copper  as  an  equivalent  two-wire  circuit ; 
but  its  complication  is  so  great  as  to  make  it  of  very  questionable 
desirability.  Its  design  and  operation  would  be  similar  to  that  of 
the  three-  and  five-wire  systems  already  described. 
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DIRECT  CURRENT  TRANSFORMER  STSTEMS   OP  ELECTRICAL 

DISTRIBUTION 

The  fact  that  electrical  energy  can  be  readily  transformed 
from  a  higher  to  a  lower  voltage,  or  vice  versa,  constitutes  one  of 
its  most  important  advantages,  and  enables  it  to  be  conveniently 
and  economically  transmitted  and  distributed.  The  most  promi- 
nent example  of  this  method  is  the  ordinary  alternating  current 
system,  in  which  a  high  pressure  of  a  thousand  volts  or  more,  gen- 
erated by  the  dynamos,  may  be  carried  by  small  wires  to  a  consid- 
erable distance,  and  there  transformed  to  a  low  voltage  that  is 
bamdess  to  persons  and  adapted  to  supply  lamps,  etc. 

The  direct  current  can  also  be  transmitted  in  a  similar  manner, 
but  it  requires  rotary  machines  instead  of  the  simple  induction 
coils  or  **  static "  transformers  that  are  used  for  the  alternating 
current. 

Rotary  transformers  consist  of  a  motor  and  a  dynamo  combined, 
the  former  being  driven  by  the  current  from  the  main  or  primar)' 
circuit,  and  the  latter  generating  the  current  for  the  Sicotidary  fir- 
cuii^  by  which  the  lamps,  etc.,  are  supplied.  It  is  obvious  that  the 
dynamo  may  be  designed  to  produce  any  desired  voltage  without 
rcgjard  to  that  of  the  primary  circuit,  But  in  every  case  the  watts 
— product  of  the  volts  and  amperes ^ — are  less  in  the  secondary  cir- 
cidt  by  an  amount  corresponding  to  the  frictional  and  other  losses 
which  necessarily  occur.  This  device  has  been  given  many  names, 
such  as  dynamotor,  motor niynamo,  motor-transformer,  rotary-trans- 
former, motor-converter,  and  rotary  converter.  The  first  of  these 
has  the  advantage  of  being  a  single  word,  but  has  been  objected  to 
because  the  order  in  which  the  two  machines  work  is  inverted. 
This  is  not  a  serious  objection,  and  the  term  is  often  used,  being 
particularly  appropriate  to  the  construction  in  which  the  motor 
and  dynamo  are  incorporated  as  one  machine.  In  contradistinction 
the  name  motor-dynamo  may  be  applied  when  there  is  a  coirfMcw 
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tion  of  two  machines.  The  word  transformer  has  been  almost  uni- 
versally adopted  for  the  induction  coil  or  static  transformer,  so  that 
the  term  converter,  which  was  formerly  applied  to  this  device,  is 
now  free  to  be  used  for  the  machine  in  which  alternating  are 
changed  into  direct  currents,  or  vice  viTsa,  in  the  same  armature 
winding  as  shown  in  Fig.  71. 

In  dynamotors  the  two  armature  windings  are  placed  upon 
the  same  core  and  are  acted  upon  by  the  same  field  magnet,  as 
illustrated  in  Fig.  68.  This  construction  secures  compactness,  and 
also  causes  the  armature  reaction  of  the  dynamo   to  practically 
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figi.  08.    Dytiamotor,  with  Singh  Fltld. 

neutralize  that  of  the  motor,  thereby  avoiding  sparking  and  other 
troubles.  But  it  is  open  to  the  objection  that  it  is  somewhat  diffi- 
cult to  insulate  the  two  windings  from  each  other,  and  absolutely 
prevent  the  high  voltage  of  one  from  breaking  through  to  the 
other.  Therefore  this  arrangement  is  not  desirable  where  there 
are  great  differences  in  potential  between  the  primary  and  second- 
ary circuits,  unless  special  precautions  are  taken.  Another  lim- 
itation of  this  construction»is  the  difficulty  of  acting  on  the  two 
armature  windings  independently  for  purposes  of  regulation.  Since 
both  are  wound  upon  the  same  core  and  are  under  the  influence  of 
the  same  field,  it  is  hardly  possible  to  change  the  speed,  magnetic 
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flux,  or  other  conditions  of  one  with  respect  to  the  other.  In  other 
words,  the  ratio  of  conversion,  that  is,  the  relation  between  the 
primary  and  secondary  voltages,  is  practically  constant,  no  matter 
how  much  the  .speed  or  flux  may  be  varied.  1  o  be  sure  the  differ- 
ence of  potential  between  the  secondary  brushes  may  be  decreased 
by  introducing  resistance  in  the  primary  circuit,  but  this  merely 
has  the  effect  of  reducing  the  available  voltage  supplied  to  the 
motor.  The  amount  of  this  reduction  is  the  drop=//?,  in  which 
/  is  the  primary  current  and  R  the  resistance  inserted.  A  corre- 
sponding decrease  in  voltage  is  produced  in  the  secondary  circuit, 
but  the  ratio  of  conversion  as  measured  at  the  brushes  remains 
substantially  unchanged.  Resistance  pot  in  the  secondary  circuit 
will  have  a  similar  effect  in  decreasing  the  available  potential,  but 
in  either  case  the  loss  of  energy 
is  considerable,  its  value  in  watts 
being 7*^.  The  so-called  "reg- 
ulation "  is  also  seriously  inter- 
fered with  ;  that  is,  the  available 

secondary  voltage  varies  greatly  M  ^^^^^^^^^^^H  ^^ 
with  changes  in  the  load^  be- 
cause any  alteration  in  the  cur- 
rent has  a  corresponding  effect 
on  the  drop  I R.  Such  a  vari- 
ation in  pressure  would  usually 
be  very  objectionable ;  in  electric  lighting,  for  example,  the  voltage 
would  fall  as  more  lamps  were  added  in  parallel. 

In  order  to  secure  independence  of  action  between  the  motor 
and  dynamo  portions  of  a  rotary  transformer,  the  twt>  armature 
windings  should  be  carried  by  separate  cores,  each  being  acted 
upon  by  its  own  field  magnet.     This  allows  the  field  of  the  dynamo 
to  be  independently  regulated,  in  order  to  vary  the  voltage  gener- 
ated.    In  fact,  any  of  the  well-known  methods  of  dynamo  regula- 
tion  may  be  employed.     For  example,  compound  or  over-compound 
winding  applied  to  the  dynamo  field  will  give  a  constant  or  a  rising 
pressure,  with  increase  of  current  in  the  secondary  circuit.     In 
these  cases  the  separate  armatures  may  be  mounted  upon  the  same 
shaft,  with  only  one  pair  of  bearings,  in  the  form  shown  in  Fig. 
69,  or  the  two  machines  may  be  arranged  upon  the  same  base  with 
<»  intermediate  bearing,  as  represented  in  Fig.  70.     If  desired  two 
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entirely  distinct  machines  may  be  belted  or  directly  coupled  to- 
gether.    In  fact,  almost  any  motor  and  dynamtj  may  be  emplo\«l 
in  this  way,  provided  the  former  has  sufficient  power  to  drive  thcj 
latter,  and  the  mechanical  connection  is  arranged  to  give  the  propff] 
speeds. 

It  is  evident  that  the  motor  of  a  rotary  transfoiTner  may  bt] 
designed  to  operate  with  an  alternating-  current,  and  the  dynana] 
to  generate  a  direct  current,  or  vice  versa,  in  order  to  convert  alter- 1 
nating  to  direct  currents,  or  the  converse. 


Still  another  type  is  the  rotary  converter,  in  which  the  samf 
armature  winding  performs  both  the  motor  and  dynamo  functioi 
A  simple  form  of  this  machine,  shown  in  Fig.  71,  consists  of  a  ri 
armature,  diametrically  opposite  points  of  the  winding  being 
spectively  connected  to  two  collecting  rings.     WTicn  the  armature 
is  supplied  with  direct  current  in  the  usual  way  by  the  brushes 
and  — ,  it  will  revolve  as  a  motor,  and  an  alternating  current  niai 
be  obtained  from  the  brushes  A  and  B,     This  action  can  be  easil' 
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understood  when  it  is  considered  that,  at  the  time  indicated,  the 
outer  collecting  ring  is  connected  to  the  top  or  +  point  of  the 
winding,  and  the  inner  ring  to  the  bottom  or  —  point  of  the  wind- 
ing, hence  the  current  tends  to  flow  from  the  brush  B  to  the 
brush  A  ;  but  when  the  armature  has  turned  through  180  degrees, 
or  half  a  revokition»  these  conditions  will  be  exactly  reversed,  and 
the  current  tends  to  flow  from  A  to  B.  Thus  it  is  seen  that  an 
armature  having  only  a  single  winding  may  be  fed  with  a  direct 
current,  and  will  give  out  an  alternating  current.  The  ratio  be- 
tween the  primary  and  secondary  voltages  is  practically  fixed  in 
this  form  of  converter,  since  the  maximum  value  of  the  alterna- 
ting E.M.F.  is  equal  to  the  voltage  of  the  direct  current,  as  is  evi- 
dent from  the  diagram.  With  a  true  sine  wave  the  effective  value 
of  the  alternating  E.M.F.  is  0.707  of  tne  maximum  E.M.F, 

If  these  machines  are  used 
to  convert  alternating  to  dire^ 
current,  they  are  run  ^s  syn- 
chronous motors ;  hence  they 
must  first  be  brought  up,  in 
speed  by  some  extraneous 
power,  or  by  operating  them 
as  direct  current  motors,  lintil  , 
they  are  in  synchronism  with 
the  alternating  current  by'- 
which  they  are  to  be  operated. 

These  machines  are  capable  of  exciting  their  own  field  magnets 
by  the  direct  current  which  they  generate. 

By  tapping  the  direct  current  winding  at  three  or  four  points, 
machines  are  made  for  generating  or  utilizing  three-  or  two-phase 
altematijig  currents  respectively. 

The  actions  of  these  machines  are  brought  out  In  a  paper  by 
Professor  R.  B.  Owens,  and  in  the  discussion  which  followed.* 

Direct  Current  Transformer  Systems  of  Distrihution.  =- The 
usual  arrangement  of  rotary  transformers  in  electrical  distribution 
is  that  represented  in  Fig.  72,  being  analogous  to  the  ordinary 
alternating  current  system  with  static  transformers.  The  current 
produced  by  the  main  generator  G  is  carried  to  the  machines  by 
the  conductors  A  and  B,  to  which   the  motor  portions  M  of  the 
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rotary  transformers  are  connected  in  parallel.  These  motors  are 
provided  with  shunt  wound  field  coils  that  may  be  connected  to  the 
primary  or  to  the  secondary  circuit,  consequently  the  machines  run 
at  a  practically  constant  speed,  The  dynamo  jMrtion  D  of  the 
transformers  are  connected  to  the  secondary  circuits  which  supply 
the  lamps,  etc.,  A,  as  indicated.  The  field  magnets  of  these  dyna- 
mos may  also  be  fed  by  the  main  circuit  AB^  or  they  may  be  self- 
excited  by  shunt  or  compound  winding. 

This  system  has  the  following  advantages  and  disadvantages 
compared  with  the  alternating  current  system.  Rotary  transform- 
ers are  more  comjilicated,  cost  more,  require  more  attention,  and 
are  less  efficient  than  static  transformers.  But  it  has  been  shown 
that  they  may  be  compound  or  over-compound  wound,  in  order  to 
supply  a  uniform  or  rising  .Volt age^  which  is  not  practicable  with 


static  transformer^.'  *.^  Iv^itjermore,  it  is.  generally  found  that  rotary 
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transformers  are't'arSilV  talten,J;£|re.t1^-tind  rarely  get  out  of  order. 
In  many  cases  thciti(^se  may  .bi  xM^kable  or  necessary,  as,  for  ex- 
ample, in  electrolytic,  cheri\itiV  or  metallurgical  work,  in  arc  light- 
ing, in  connection  with  storage  bat  terries,  or  for  other  purposes  for  ■ 
which  direct  currents  are  converted  from  alternating,  or  Tue  versa. 
Rotary  transformers  may  also  be  arranged  as  illustrated  in  Fig. 
73,  the  motor  parts  Mhcmg  all  connected  in  series  with  the  main 
generator  G^  and  the  dynamo  elements  D  of  the  transformers  being 
connected  to  the  lamps,  etc.,  L,  If  the  current  is  kept  constant 
(the  generator  G  having  a  regulator  like  a  series  arc  dynamo), 
and  the  motors  M  are  simple  series-wound  machines,  they  will 
exert  a  certain  torque,  or  turning  effort,  which  will  be  constant.  It 
follows,  therefore,  if  the  dynamos  D  are  also  scries  wound,  that 
each  will  generate  a  certain  current  which  will  be  constant.  If 
lamps  or  other  devices  designed  for  that  particular  current  are  con-  ■ 
nected  in  series  on  the  secondary  circuits,  the  dynamos  D  will 
always  maintain  that  current,  no  matter  how  many  lamps  there 
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may  be.     When  lamps  are  added,  the  resistance  of  the  local  circuit 
is. raised,  and  the  current  in  it  decreases,  so  that  the  dynamo  in- 
creases its  speed  until  it  generates  sufficient  E.M.F.  to  produce 
practically  the  same  current  as  before.     Hence  this  constitutes  a 
system  which  is  self -regulating,  when  lamiis,  etc.,  arc  cut  in  or  out 
of  the  secondary  circuits.     No  harm  results  even  when  the  second- 
iry  is  short-circuited,  since  only  ihe  normal  current  can  be  gene- 
raled.     But  if  the  secondary  circuit  is  opened,  then  the  machine 
will  race,  and  probably  injure  itself  by  centrifugal  force,  because 
the  torque  of  the  motor  AT  has  its  full  value,  and  there  is  no  load 
upon  the  dynamo  D.     To  guard  against  this  danger,  some  auto- 
matic device  should  be  provided  to  short-circuit  the  field  or  arma- 
ture of  the  motor  when  its  speed  or  counter  E.M.F.  rises  above 
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a  certain  point.  Another  way  to  operate  such  a  system  would  be 
use  motors  Af,  with  governors  that  maintain  a  constant  speed 
for  all  loads,  in  which  case  the  dynamos  D  should  be  shunt  or 
impound  wound,  to  feed  lamps,  etc.,  in  parallel  at  constant 
potential 

Motor  Dynamos  as  "Boosters"  and  Compensators.^ — The  ma- 
chines described  in  the  present  chapter  for  use  in  converting  direct 
currents  from  one  voltage  to  another  are  also  applicable  as  "  boos- 
ters" in  feeder  regulation,  and  as  compensators  in  three-  and  five- 
"tre  systems  of  distribution.  The  motor-d3mamo  illustrated  in 
P'g.  70  is  well  adapted  to  being  employed  as  a  "booster"  in  Fig. 
»^9,  for  example.  The  left-hand  machine  could  be  driven  as  a 
«hunt-wound  motor  by  current  obtained  from  the  main  generator 

[^(Fig.  39),  and  the  right-hand  machine  (Fig.  70)  would  serve  as 
the  "booster"  -^  or  ^  to  raise  the  voltage  in  the  feeders  A  or  B 
(Fig.  39).     The  double  machine  shown  in  Fig.  70  or  in  Fig.  %% 
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could  also  be  used  as  a  compensator  to  subdivide  the  total  voltage 
in  the  three-wire  system  indicated  in  Fig.  b^.  Indeed,  it  is  cus- 
tomary to  use  motor-dynamos  for  these  purposes. 

The  Oxford  System.  —  One  of  the  most  prominent  examples 
of  transmission  and  distribution  by  means  of  high-tension  direct 
currents  is  the  plant  that  has  been  in  operation  at  Oxford,  Eng- 
land, fur  several  years.  Similar  systems  are  also  used  in  London 
(Chelsea),  Shoretlitch,  and  other  places  in  Great  Britain,  the  name 
'♦  Oxford  System  "  being  applied  generally  to  this  class  of  installa- 
tions. They  may  be  regarded  as  extensions  of  the  simple  arrange- 
ment showTi  in  Fig.  72. 

In  the  diagram,  Fig.  74,  which  represents  such  a  system,  D  D 
are  the  main  generators  supplying  direct  currents  at  1,000  or  2,000 
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volts  to  the  high-tension  'bus  bars  Ifl/.  Their  field  coils  FF  are 
fed  from  the  low-tension  'bus  bars  £  £,  that  receive  current  at  100 
or  200  volts  from  the  secondary  circuit  of  the  motor-dynamo  A'  the 
primary  L  of  which  is  supplied  from  the  high-tenHion  'bus  bars 
H  Hhy  the  wires  W.  The  storage  battery  B  is  also  connected  to 
the  low-tension  'bus  bars  E,  being  charged  by  the  machine  A',  in 
order  to  give  current  for  lighting  the  station  when  all  the  genera- 
tors {D  D)  are  stopped,  and  also  for  exciting  their  field  magnets  in 
starting  them.  The  current  is  carried  from  the  high-tension  'bus 
bars  in  the  generating  plant  over  transmission  conductors  T  to  the 
two  'bus  bars  at  the  distributing  station,  that  may  be  placed  at  a 


I 
I 
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considerable  distance  without  involving  large  expenditure  for  the 

conductors,  since  the  energy  is  transmitted  at  high  voltage.     From 

these  'bus  bars,  the  high-tension  current  is  conveyed  by  the  pairs 

of  feeders  F  F  to  the  primary  circuits  of  the  motor-dynamos  Q 

(located  at  sub-stations),  the  secondary  circuits  of  which  connect 

with  the  three-wire  mains  J/  A/ A/,  supplying  the  outside  wires  at 

about  200  volts. 

The  lamps yyy  are  fed  from  these  three-wire  mains  in  the  usual 
manner.  The  motor-dynamos  Q  at  the  various  sub-stations  may 
either  be  controlled  by  attendants  at  the  sub-stations,  or  they  may 
be  started  and  stepped  from  the  distributing  station  by  means  of 
the  starting  rheostat  S  placed  in  each  feeder  circuit.  In  the  latter 
case,  the  motor-dynamos  are  providetl  with  series  field  coils  Z  in 
order  to  give  magnetization  for  starting  up,  after  which  excitation 
is  prcduccd  by  a  shunt  winding  (not  shown)  supplied  (mm  the 
secondary  circuit.  The  latter  is  connected  to  or  disconnected 
from  the  mains  Af  by  the  switch  C,  that  may  be  operated  from  the 
station  by  means  of  the  magnet  X  and  wires  P.  The  latter  also 
ser\'e  as  pressure  wires,  the  voltage  on  the  mains  being  indicated 
in  the  station  by  a  voltmeter  K 

Compensators   f.'  are  connected  to  the  three-wire  mains  J/  at 
various  points  to  equalize  the  voltage  on  the  two  sides  of  the  sys- 
tem.   These  machines  may  be  simple,  like  J/^Vin  Fig.  TiB,  or  they 
^y  be  provided  with  scries  winding,  as  in   P'ig.   58,  in  order  to 
f^ise  the  i^ressure  on  the  more  heavily  loaded  side  when  the  sys- 
tem becomes  unbalanced.     The  storage  battery  G  is  connected  to 
'"^*  mains  A/  for  the  purpose  of  supplying  current  during  the  day, 
"'"  ^hen  the  load  is  light,  thus  enabling  all  of  the  main  generators 
'^^.and  motor-dynamos  Q  Q,  to  be  stopped  a  considerable  portion 
^'  the  time.     This  battery  is  charged  when  the  generating  plant  is 
'^'ining,  the  increased   voltage    required   being  produced  by  the 
"*^ster  T,  or  a  differential  boo.ster  may  be  usetl  for  the  purpose. 

If  desired,  the  storage  battery  G  may  be  employed  to  supply 

current  for  the  '^peak  "  of  the  load-curve  (i.e.,  the  short  period  of 

"^^imum  load),  thereby  relieving  the  generating  plant,  the  feeders 

^^,  and  the  motor<lynamos  Q  Q,  at  the  time  of  heaviest  load.    The 

^^ttcry  may  be  charged  when  the  load  is  lighter,  so  that  this  plan 

of  working  would  tend  to  secure  a  uniform  load  on  the  machinery 

while  running,  and  would  also  allow  it  to  be  stopped  when  the 
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load  is  very  light.  Storage  batteries  may  be  installed  in  the  gen- 
erating plant  (as  at  /?),  in  the  distributing  station,  in  sub-stations 
on  the  mains  (as  at  G),  or  in  all  three  places ;  the  nearer  they  are 
to  the  lamps,  the  more  of  the  apparatus  and  conductors  they  may 
relieve  at  times  of  maximum  load.  In  fact,  one  of  the  advantages 
of  this  or  other  direct-current  system  is  the  ability  to  use  storage 
batteries  in  connection  with  it.  In  some  cases  the  distributing 
station  may  be  omitted,  the  feeders  FF  being  run  directly  from 
the  'bus  bars  H H  in  the  generating  station  to  the  motor-dynamos 
Q  in  the  sub-stations.  The  Ekctrical  World  (N.  Y.)  of  March  12, 
1898,  contains  a  description  of  this  system  as  used  on  a  large  scale 
at  Chelsea,  England,  also  the  v^ariable  ratio  direct-current  trans-  ■ 
formers  that  are  employed  there,  A  description  and  illustrations 
of  a  more  recent  installation  of  this  character  at  Bromley,  England, 
are  given  in  the  Electrical  World  and  Engineer  (N.  Y.)  of  Feb.  17, 
and  in  the  London  Electrician  of  January,  1900.  f 

An  important  meth<xl  of  electrical  distribution  consists  in  trans- 
mitling  the  electrical  energ)^  by  means  of  alternating  currents, 
usually  two-  or  three-phase,  from  the  generating  plant  to  stations  ■ 
at  which  it  is  transformed  into  direct  currents  by  means  of  rotary 
converters,  and  distributed  for  lighting  and  other  purposes.  Such 
systems  will  be  described  after  the  principles  of  alternating  cur- 
rents have  been  considered. 


The  most  complete  system  of  parallel  distribution  is  that  in 
which  the  conductors  are  interconnected  to  form  a  network.  This 
arrangement  was  developed  from  the  "  feeder  and  main  "  method 
of  Edison^*  and  is  also  due  to  him.  It  is  used  in  most  of  the  large 
systems  throughout  the  world  for  low-tension,  direct-current  distri- 
bution, and  is  often  employed  for  the  secondary  circuits  of  alternat- 
ing-current transformers,  especially  where  the  system  is  a  large  or 
inifXirtant  one.  The  enormous  networks  of  mains  constructed  by 
the  Edison  Electric  Illuminating  Companies  in  New  York,  Chicago, 
Pliiladelphia,  Brooklyn,  Boston,  and  other  large  cities,  may  be  cited 
as  very  prominent  examples.  Networks  are  sometimes  adopted  in 
the  interior  wiring  of  buildings  ;  but  they  are  usually  quite  simple 
in  such  cases,  being  seldom  developed  much  beyond  the  ring  mains 
""cpresented  in  Figs.  19  and  20,  which  may  be  regarded  as  the 
simplest  form  of  network. 

A  two-wire  network  of  conductors  is  indicated  in  Fig,  75, 
ABCD  being  composed  of  two  sets  of  positive  mains  at  right  angles 
lo  each  other,  and  connected  at  the  points  where  they  intersect  ; 
^FG  H  being  a  similar  network  of  negative  mains  represented  by 
dotted  lines.  The  mains  are  supplied  with  current  from  the  gen- 
crating  station  .S  by  feeders  which  are  not  shown  in  Fig.  75, 
because  they  would  confuse  the  diagram.  At  any  desired  point  a 
■^p  will  be  fed  with  current  if  connected  between  the  +  and  — 
networks.  In  fact,  the  case  may  be  considered  as  equivalent  to 
^hat  in  which  two  parallel  sheets  of  copper  are  respectively  con- 
nected to  the  terminals  of  a  source  of  electrical  energy,  lamps  being 
connected  across  from  one  sheet  to  the  other. 

Distribution  of  Current  and  Drop  in  Voltage  in  Networks.  ^  In 
wder  to  study  the  flow  of  current^  let  us  consider  by  itself  one- 

•  See  page  30. 
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quarter  of  the  positive  network,  and  suppose  it  to  be  supplied  at  the] 
point  J  by  a  feeder  from  the  station  5',  as  represented  in  Fig".  76. 
Assuming  that  the  portions  of  the  three  horizontal  and  the  three 
vertical  mains  included  between  the  points  A  Y  X  and  Z  are  uni- 
formly loaded,  and  not  considering  the  effect  of  any  load  outside  of  ■ 
this  region,  it  follows  that  one-quarter  of  the  current  will  flow  out 
from  the  feeding-point  J  on  each  of  the  four  mains  leading  there- 
from. If  ten  lami)s,  each  taking  one  ampere,  are  connected  to  each 
section  of  the  mains,  the  initial  current  in  the  mainy  ^  will  be  30  I 
amperes,  since  three  sections  {J a^  a  A,  and  a  V)  must  be  supplied 
by  it.  When  the  current  reaches  the  point  n,  it  will  have  been 
reduced  to  20  amperes,  since  10  amperes  are  consumed  in  the  sec- 
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Fig.  76.    Two-Wfra  Nttwork  fat  ParaHtl  Distribution. 

X\onJ  a.     Hence  the  average  current  between  J  and  a  is  25  am- 
peres ;  and  if  the  resistance  for  each  section  be  taken  as  .04  ohm, 
the  drop  will  be  1  volt.     The  initial  current  from  a  to  >4  is  10  am- 
peres, and  its  final  value  is  zero  ;  hence  it  averages  5  amperes,  and  I 
the  drop  is  .2  volts  for  that  portion.     The  same  is  true  of  the  sec-  ■ 
tion  a  F,  provided  that  the  load  beyond  V  be  ignored,  as  already 
stated.     Having  thus  determined  the  drop  in  voltage  on  the  posi-  ■ 
tive  mains,  it  is  evident  that  precisely  the  same  drop  will  also  occur 
on  the  negative  cfmductors.     A  lamp  aty  will  receive  the  full  pres- 
sure supplied  by  the  feeder,  which  may  be  assumed  to  be  112  volts  ; 
a  lamp  at  a  will  have  112  —  (1  -f  1)  =  110  volts ;  and  a  lamp  at  A 
will  be  fed  with  112  -  (1  -f  1  -f  .2  +  -2)  =  109.6  volts.     Similar 
statements  apply  to  the  lamps  at  the  other  points,   WZ,  etc. 
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When  the  lamps  are  not  equally  distributed,  the  problem  is 
uch  more  difficult  to  solve.     In  the  apparently  simple  case  of  a 
single  lamp  connected  at    W,  a  large  portion  of  its  current  will 
flow  directly  from  J  to    l\\  but  a  considerable  fraction  uf  it  will 
take  the  pathy<i  Y  IV,  and  also  the  path/^Z  JV.     Since  there  is 
a  flow  of  current  from  y  to  A,  the  latter  must  be  of  lower  potential 
than  the  former;  hence  a  small  amount  of  current  will  take  the 
course yy  A  F;  and  if  the  network  were  extended  beyond  A,  some 
current  would  follow  still  more  indirect  routes.      Current  would 
also  pass  thruugh  the  remainder  uf  the  network  shown  in  Fig.  75, 
as  well  as  through  the  portion  represented  in   Fig.  76;  in  fact,  a 
single  lamp  connected  at  an)'  point  of  a  network  would  cause  cur- 
rent to  flow  in  every  section  except  a  few  that  might  happen  to 
have  no  potential    difference 
between  their  ends.     With  a     *  ' 

number  of  lamps  irregularly 
l'>cated,  the  conditions  be- 
come even  more  complex. 

It  might  be  supposed  that 
a  solution  of  the  problem 
could  be  obtained  by  compar- 
ing the  resistances  of  the  va- 
rious paths.  For  example, 
the  course y^?  1'  IV  has  three 
limes  the  resistance  of  yir,  hence  the  current  in  the  former  should 
^one-third  as  much  as  in  the  latter.  But  this  is  not  true,  because 
Jj  Aa  is  in  parallel  withy  tf.  If  we  attempt  to  allow  for  this  by 
calculating  the  joint  resistance,  the  case  is  further  complicated  by 
the  fact  that  the  section  /j  carries  current  that  flows  via  X  as 
*dl  as  through  A^  and  so  on.  A  correct  method  would  consist 
in  applying  Kirchhoff^s  Laws,  which  are  as  follows  : 

^  The  algebraic  sum  of  the  currents  in  all  the  conductors  tJtat  meet 
at  any  point  is  zero, 

2.  The  algebraic  sum  of  all  the  products  of  the  atrrents  and  resis- 
tances in  conductors  fonning  a  closed  loop  equals  the  algebraic 
sum  of  all  the  E,M,F^  in  the  loop. 

In  the  networks  under  consideration  there  is  usually  no  K.M.F. 
working  within  each  loop,  as,  for  example,  the  loopy^  Y  W\ 
therefore  we  may  simplify  the  second  Jaw  as  follows : 


n 


Fig.  70.    Portion  of  Network  Stpreaanttit 
fn  fig.  75. 
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The  algebraic  sum  of  all  the  products  of  the  currents  and  resistances 
in  conductors  forming  a  closed  loop  is  zero. 

The  application  of  these  principles  to  simple  cases  has  already 
been  given  on  pages  35  and  49  ;  bnt  it  would  be  difficult  to  apply 
them  to  the  extensive  and  complicated  networks  used  in  practice* 
particularly  when  the  lamps  are  unequally  distributed.  Neverthe- 
less»  methods  for  making  such  calculations  have  been  given  by 
Herzog  and  Stark,*  Herzog,f  ColtrijJ  Mucllcndorfif,§  and  others. 

Electrical  Model  of  Network.—  In  the  pioneer  work  of  Edison 
in  1882,  the  designing  of  the  underground  network  of  conductors 
was  aided  by  constructing  models  in  which  the  conductors  were 
represented  in  miniature  by  copper  wires.  If  the  model  is  correct 
in  scale,  it  is  possible  to  determine  from  it  the  distribution  of  cur- 
rent and  drop  with  various  amounts  and  positions  of  load.  This 
plan  can  be  followed  in  any  c^sc,  but  would  ordinarily  be  consid- 
ered too  much  trouble,  although  it  might  often  effect  a  consider 
saving  in,  or  better  arrangement  of,  the  copper. 

Mechanical  Model  of  Network.  —  Another  method  of  solving ' 
this  problem  was  devised  by  IL  Helberger  ||  of  Munich,  and  con- 
sists in  employing  a  mechanical  model  in  which  the  conductors  are 
represented  in  length  and  position  by  horizontal  strings  stretched 
with  a  certain  force  corresponding  to  the  cr<jss-scction  of  the  con- 
ductor, the  load  being  applied  in  the  form  of  weights  that  arc  hung  - 
upon  the  strings,  and  are  proportional  to  the  current  consumed  at  B 
the  various  points.  The  amount  that  the  strings  are  depressed 
indicates  the  drop  in  voltage,  being  usually  limited  to  a  certain 
value  in  a  given  case.  The  points  at  which  the  strings  are  sup- 
ported correspond  to  the  feeding-points,  being  raised  or  lowered 
with  respect  to  each  other  a  distance  proportional  to  the  difference^ 
in  the  electrical  pressures  with  which  they  are  fcxl. 

Actual  Design  of  Network.  —  These  methods  for  determining.j 
the  size  of  the  mains  in  a  network  are  not  much  used  in  America,! 
although  they  are  applied  quite  generally  in  Germany.     Experiencej 

•  Rlektrotechuiscke  Zeitschrift,  lHf>0,  p.  221.  and  FJectrical  World,  vol  xv.,  p.  300. 
t  Elektrotechtiis(h(  Zeitsdinft,  18if3,  p.  10, 
J  JbiJ..  181W,  p.  42"). 
§  Ibid..  181H,  pp.  67  and  230. 

II  German  Patent  No.  68918,  Class  21,  April  h,  1802.     See  also   IWitem  El4i 
trician,  April  27,  1897. 
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in  this  count r>^  has  shown  that  it  is  sufficient  to  employ  a  few  stan- 
dard sizes  of  mains.  In  New  York  City,  for  example,  each  of  the 
three-wire  mains  has  a  cross-section  of  350,000  circular  mils  in 
the  central  and  heavily  loaded  portions  of  the  network,  and  a  cross- 
section  of  *200,000  circular  mils  in  the  outlying  or  less  heavily 
loaded  districts,  and  in  some  cases  conductors  of  150,000  circular 
•  rails  are  large  enough.  It  is  not  found  necessary  to  specially 
determine  the  size  of  each  individual  main  or  section  thereof ;  the 
same  size  being  used  throughout  a  large  district,  and  having  been 
selected  With  reference  to  the  general  rather  than  local  conditions. 

The  justification  for  this  apparently  crude  practice  is,  first,  the 
simplicity  of  laying  and  maintaining  a  network  composed  of  only 
tw  or  three  standard  sizes  of  mains,  larger  or  smaller  sizes  being 
either  too  clumsy  or  too  weak  mechanically  ;  second,  it  is  prac- 
tttally  impossible  to  predetermine  the  current  that  a  main  will 
carr)',  the  demand  upon  it  being  often  much  greater  or  less  than 
was  ex|)ected  ;  third,  an  excess  of  copper  in  one  portion  of  a 
network  tends  to  hel])  other  ^vortions  that  are  more  heavily  kraded, 
and  conversely  a  small  section  of  main  acts  as  a  weak  link  in  the 
iliain. 

It  is  important  to  appreciate  this  interdependence  f)f  the  parts 
of  a  network  of  conductors,  as  it  constitutes  its  chief  advantage. 
Im  the  mechanical  model  already  referred  to,  it  is  evident  that  all 
^1  the  strings  wouH  aid  each  other  in  supporting  a  weight  hung  at 
ai^y  point  ujx)n  them.  The  electrical  analogue  acts  in  a  similar 
nianner. 

As  already  stated,  it  is  customar}^  to  construct  networks  with 
certain  sizes  of  mains  which  have  been  found  by  experienee  to  be 
suitable  for  towns  having  a  certain  density  of  population,  character 
of  service,  etc.  In  cases  where  this  very  empirical  method  cannot 
^  followed,  or  when  it  is  desired  to  check  it  by  calculation,  a  care- 
ful plan  of  the  given  district  should  be  made,  and  lines  representing 
^h'^  proposed  mains  are  then  drawn.  A  main  (2-  or  3-wire  as  the 
^^ase  may  be)  is  run  through  each  street,  or  two  mains  may  be 
wid,  one  on  each  side,  in  order  to  reduce  the  trouble  of  making 
nouse  connections.  In  the  case  of  unimportant  streets  in  which 
I  here  are  no  customers,  the  mains  may  be  omitted  or  put  in  later, 
\\'here  the  mains  intersect  J:hey  arc  connected,  all  the  -+-  conduc- 
tors (of  which  there  are  usually  four  or  eight)  being  brougbx  to- 
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gether,  the  same  for  the  —  conductors,  and  also  for  the  d:  conduc- 
tors in  a  three-wire  system.  The  connection  of  four  +  wires  and 
four  —  wires  in  a  two-wire  system  is  represented  at  y  and  A^  in 
Fig.  76.  Having  thus  laid  out  the  entire  network,  certain  feeding- 
points  are  then  chosen.  There  is  no  absolute  rule  for  determining 
their  position,  but  they  should  be  located  to  give  as  nearly  uniform 
voltage  as  possible  throughout  the  system.  They  should  be  ar-, 
ranged  so  that  the  feeders  can  be  run  conveniently  to  them  and 
connected  to  the  network,  and  should  be  nearer  together  where  the 
load  is  great,  and  xdce  v£rsa.  In  case  it  is  subsequently  founcl  that 
they  arc  too  far  apart,  others  may  be  added  without  disturbing  the 
feeders  and  mains  already  laid.  In  this  way  increase  of  load  upon 
the  system  may  be  provided  for  at  any  time.  It  is  also  possible 
to  reen force  the  mains  by  laying  others  parallel  to  them,  but  prac- 
tically the  same  result  is  obtained  when  additional  feeders  are  put 
in.  If,  for  example,  the  average  distance  between  feeding-p<:nnts 
is  reduced  to  one-half,  the  average  current  on  a  given  main  will  also 
be  one-half  as  great  as  before,  and  since  it  flows  only  one-half  as 
far,  the  drop  would  be  one-quarter  as  much.  Extending  a  network 
of  mains  in  any  direction  will  also  tend  to  help  the  conductors 
already  laid,  because  it  provides  more  paths  for  the  current,  as 
explained  on  page  104. 

The  Edison  system  of  underground  conductors  originally 
adopted  for  network  distribution  and  still  very  generally  employed 
for  the  purpose  will  be  described  in  the  chapter  on  Underground 
Conductors,  Other  methods  of  constructing  such  networks  will 
be  given  under  the  same  heading. 
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CHAPTER    VII, 

PRINCIPLBS  or  ALTIIRNATING-  CURRENTS. 

Introduction. — The  various  principles  and  facts  concerning 
direct  current  distribution  set  forth  in  the  preceding  chapters,  af>- 
plyalso  to  alternating  current  systems.  But  in  addition  to  the 
ample  phenomena  due  to  resistance,  which  occur  in  the  former 
case,  there  are  certain  rff/<//V/^wtf/ factors  that  must  be  considered 
in  connection  with  alternating  current  transmission.  The  flow  of 
adirett  current,  which  is  steady,  is  entirely  determined  by  the 
okmk  resistance  of  the  various  j>arts  of  the  circuit ;  and  if  all  these 
resistances  are  known  the  distribution  of  potential  and  current  can 
be  determined  exactly.  The  flow  of  an  alternating  current  de- 
pends not  only  upon  the  resistance,  but  also  upon  any  inductance 
(self  or  mutual  inductance)  or  capacity  that  may  be  contained  in  or 
c«nnerted  with  the  circuit.  These  two  factors  have  absolutely  no 
effea  up^m  a  direct  current  after  a  steady  flow  has  been  estab- 
lished, which  usually  requires  only  a  small  fraction  of  a  second. 
But  ill  an  alternating  circuit  either  or  both  of  them  may  be  far 
niore  important  than  resistance,  and  in  some  cases  may  entirely 
control  the  action  of  the  current,  the  effect  of  resistance  being 
insignificant. 

Since  alternating  current  problems  involve  a  consideration  of 
three  factors,  they  are  usually  more  complicated  and  difficult  to 
solve  than  those  relating  to  direct  currents.  Nevertheless,  by  an 
extension  of  the  principles  and  methrxls  already  explained,  it  will 

f<»und  that  alternating  current  systems  can  be  designed  correctly 
2nd  without  great  difficulty. 

Practically  the  only  reason  for  employing  alternating  currents 
wi  electric  lighting  is  to  enable  the  cost  of  the  conductors  to  be  re- 
duced by  using  high  voltages  and  transformers.  It  has  already 
occn  shown  that  the  cross-section  of  a  wire  needed  to  cotwey  2i 
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given  amount  of  electrical  energy  in  watts,  with  a  given  percentage 
ijf  "  drop  "  or  loss  of  potential  in  volts,  is  inversely  proportional  tq 
the  square  of  the  E.M.F.  employed  :  hence  it  requires  a  wire  of 
only  one-quarter  the  cross-section  and  weight  if  the  initial  voltage 
is  doubled.  The  great  advantage  thus  obtained  by  the  use  of  high 
tension  can  be  realized  either  by  a  saving  in  the  weight  of  wire 
required  or  by  transmitting  the  current  to  a  greater  distance  with 
the  same  weight  of  copper.  In  alternating  current  electric  lighting* 
the  primary  E.M.F.  is  usually  at  least  1,000  and  often  2,000  to 
10,000  volts.  Even  at  a  pressure  of  1,000  volts  an  advantage  of 
100  to  1  is  gained  over  a  system  operating  at  lOO  volts.  Thi* 
enormous  difference  enables  a  given  number  of  lamps  to  be  sup- 
plied at  a  far  greater  distance,  and  at  the  same  time  the  conductors- 
weigh  very  much  less.  These  facts  make  it  unnecessary  to  design 
a  system  of  alternating  current  conductors  with  the  great  care  that 
is  required  for  direct  current  distribution,  since  the  use  of  slightly; 
larger  conductors  will  make  up  for  any  small  differences  in  the 
arrangement  of  the  feeders  and  mains.  The  result  is  that  ordinary 
alternating  current  systems  of  conductors  are  less  complicated  than 
those  used  for  direct  currents.  The  very  elaborate  network  ctf- 
mains,  for  exam]>le,  often  employed  for  the  latter  is  seldom  required 
for  the  former  e.vcept  in  the  low  voltage  secondary  distribution. 

On  the  other  hand,  the  actual  uniformity  of  voltage  secured  iO' 
direct  current  circuits  is  usually  superior  to  that  obtained  on  alter* 
nating  current  systems.  This  is  partly  due  to  the  fact  just  stated,' 
that  less  care  is  required  in  designing  the  circuits,  consequently 
there  is  a  tendency  to  exercise  too  little  care.  The  difference  also 
arises  from  the  effects  of  inductance  and  capacity,  which  produce 
variations  in  potential  as  great  as,  or  greater  than,  those  due  to  le- 
sistance  alone.  The  exact  influence  of  these  factors  under  varioui 
conditions  will  be  considered  later. 

The  reason  that  the  alternating  current  can  be  used  at  the  high 
^  pressure  of  1,000  vohs  or  more,  while  the  direct  current  is  limited 
to  about  110.  220,  or  440  volts  for  constant  potential  lighting  iflf 
due  to  the  greater  facility  \\'ith  which  the  alternating  current  can 
be  transformed  from  a  higher  to  a  lower  pressure,  and  vice  verses 
This  is  accomplished  by  simple  transformers,  consisting  merely  of 
two  or  more  coils  4>f  wire  wound  upon  an  iron  core.  Since  there 
are  no  moving  parts,  the  attention  demanded  and  the  likelihood  ol 
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the  apparatus  getting  out  of  order  are  small.      This  enables  the  al- 
ternating current  to  be  generated  at  or  transformed  to  a  high  pres- 
sure suitable  for  transmission  over  long  distances  with  small  con- 
ductors, the  potential  being  locally  transformed  to  that  required  by 
the  lamps,  usually  about  lUO  volts.     In  order  to  convert  a  direct 
current  from  one  potential  to  another  it  is  necessary  to  employ  a 
tnotor-dynamo,  which  is  practically  a  combination  of  a  motor  and 
a  dynamo  costing  considerably  more  than  an  alternating  current 
transformer,  having  a  lower  efficiency,  and  being  more  troublesome 
to  lake  care  of.     In  almost  every  other  respect  the  direct  current 
is  preferable  for  electric  lighting ;    and  where  the  distances  are 
not  great,  as,  for  example,  in  isolated   plants  and  central  stations 
in  thickly  populated  cities,  the  direct  current  has  been  the  system 
niost  generally  and  successfully  employed. 

Twophase  and  three-phase  alternating  current  systems  are  often 
employed  to  supply  incandescent  and  arc  lights;  but  they  are  only 
advantageous  for  operating  motors  or  rotary  converters,  and  so 
^  as  lamps  are  concerned,  they  are  more  complicated,  and  possess 
iio  compensating  superiority  over  the  single-phase  system.  The 
Matter,  on  the  other  hand,  is  not  desirable  when  there  are  a  number 
t>f  motors  nf  an)thing  more  than  small  size,  such  as  fan  motors. 
Hence  polyphase  systems  are  used  in  cases  where  both  lamps  and 
niotors  are  to  be  supplied  with  alternating  currents. 

The  principles  of  alternating  currents  will  now  be  given  ;  but  it 
's  not  intended  to  treat  the  subject  exhaustively,  as  there  are 
s^'eral  excellent  works  entirely  devoted  to  it.  It  is  sufficient 
*ierein  to  consider  briefly  the  chief  facts,  to  serve  as  a  basis  for 
study  and  calculations  concerning  aJtemating  current  lines,  trans- 
iormers,  etc. 

Principles  of  Alternating  Ctirrents.  —  Each  armature  coil  of  a 

dynamo  tends  to  gem^rate  an  E,M.F.<,  which  rises  to  a  certain  max- 

wi^uni  value,  then  falls  to  zero,  then  reverses  in  direction,  and  again 

Tetums  to  zero.     Tliis  cycle  of  changes,  which  can  be  represented 

^y  a  curve  (Fig.  V7),  constitutes  a  complete /mtJ^/;  and  since  it  is 

f^peated  indefinitely  at  each  revolution  of  the  armature  in  a  bipolar 

^I'^M,  the  currents  produced  by  such  an  E.M.F.  are  called  periodic 

^^rrcnfs.     The  number  of  complete  periods  in  one  second  is  called 

^^^  freq}4€ncy  oi  the  pressure,  or  current.     In   Fig.  77  the  perifxl 

IS  completed  in  .01  second,  hence  the  frequency  is  100.     Since  the 
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current  changes  its  direction  at  each  half-period,  it  follows  that 
number  of  alternations  or  reversals  is  twice  the  frequenc)'- 

Various  forms  of  pressure  or  current  waves  may  be  generated, 
depending  upon  the  arrangement  of  the  armature  winding,  pole- 


fiU  77.    Rgprtitntution  of  Atttrimtlffg  £.M,F. 


FIfft.  78  o»d  79.    Ffat-t«ppe(t  attd  Peak*d 
Wave  forms. 


pieces,  etc.  It  is  possible,  by  having  the  pole-faces  either  consider- 
ably wider  or  considerably  narrower  than  the  armature  coils  to  pro- 
duce a  flat-topped  wave  (Fig.  78) ;  or  by  making  the  coils  exactly 
the  same  width  as  the  pole-pieces,  2l  peaked  wave  {Fig.  79)  may  be 
obtained.  If  the  lines  of  force  are  excessive  at  the  edges  of  the 
polesj  extra  waves,  or  upper  harmonics  J  B  JF,  are  superimposed 
upon  the  main  or  fundamental  wave  A  C  (Fig.  80).     The  extra 


Fig.  SO.     AlttrnaUng  £M,F,  wHh  Thtrtt  Harmonk. 

wave,  /B  IV,  showTi  is  the  third  harmonic,  being  always  an  odd 
number ;  but  in  some  cases  the  fifth,  seventh,  or  almost  any  odd 
harmonic  may  be  present.  These  harmonics  are  alternating  prcs^ 
sure  or  current  wave.«;  of  three,  five,  seven,  etc,  times  the  frequency' 
of  the  fundamental  wave  AC,  which  are  generated  simultaneously 
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witli  the  latter,  and  modify  its  form.  In  the  case  represented, 
LVEG His  the  wave  of  E.M.F.  that  is  actually  produced,  being 
the  combination  of  the  fundamental  ^ C  and  the  third  harmonic, 
Jh\\\  For  example,  the  voltage  at  D  is  the  sum  oi  ST  and  JT. 
At  K  it  is  the  algebraic  sum  of  A  and  B^  and  so  on.     The  ideal 
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Fiq.  81.    8ln»  Curve. 

iom  of  wave  generated  by  a  coil  of  wire  revolving  about  an  axis  in 
a  uniform  field  is  the  sin^-curt'Cf  in  which  the  E.M.F.  at  any  point, 
^»  is  proportional  to  the  sine  of  the  angle  B,  through  which  the  coil 
has  moved  (Fig.  81). 

If  the  maximum  value  of  the  E.M.F.  at  J/ is  -£'«a«,  then  the 
instantaneous  value  e  at  any  point  is 

e^E^arSinB.  (32) 

^^^en  the  current  wave  is  also  a  sine-curve,  a  similar  expression 
gives  the  instantaneous  value  as  follows  : 

i=^lnyaxsm6.  (33) 

The  sine-wave  being  the  ideal  form,  practically  all  calculations 
^e  based  upon  it ;  other  forms  tend  to  be  converted  into  the  sine 
•^r^'e;  and  it  seems  to  be  the  best  for  general  usCj  so  it  should  be 
^fcepted  for  the  same  reason  that  standard  weights  and  measures, 
^w-threads,  etc.,  are  adopted.  This  is  true,  even  though  some 
^Her  form  might  have  advantages  for  certain  purposes.  The 
'Question  has  been  much  discussed  ;  *  but  the  tendency  has  been  for 
manufacturers  generally  to  adopt  the  sine-form,  the  actual  waves  of 
Pressure  and  current  in  most  commercial  apparatus  being  close 
approximations  to  the  true  sine-curve. 

If  all  alternating  current  apparatus  is  designed  for  the  sine-wave 

•  Eitctrieal  World,  Aug.  4,  18&4,  p.  107,  and  many  other  issues  to  I>ec.  I,  1804. 
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it  is  possible  to  operate  dynamos,  motors,  measuring-  instruments, 
etc.,  on  any  circuit,  thus  avoiding  the  endless  confusion  and  difficul- 
ties that  would  arise  if  a  different  form  of  wave  were  adopted  by 
each  manufacturer  and  for  each  particular  purpose.  m 

Effective  Values  of  Alternating  Pressures  and  Currents.  — 
Since  the  value  of  an  alternating  current  is  continually  varying,  it 
is  usually  more  convenient  to  consider  its  mean  value ;  but  this  is 
not  the  ordinary*  arithmetical  average.  If  an  alternating  current 
is  flowing  through  a  conductor,  its  heating  effect  at  any  instant  will 
be  proportional  to  the  square  of  the  current  strength  ;  and  the  aver- 
age heating  effect  for  the  whole  time  during  which  it  flows  will  be 
the  average  of  these  squares,  —  that  is,  the  mean  square.  It  fol- 
lows, therefore,  that  a  direct  current,  to  pnxluce  the  same  heating 
effect,  wcjuld  have  a  value  equal  to  the  square  root  of  this  quantity, 
that  is,   V^mean  square.     The  same  is  true  of  alternating  current 

EM.F.y  since  the  heating  effect  is  „-;  so  that,  with  a  constant  re- 
sistance, the  heating  is  proportional  to  the  square  of  the  voltage,  fl 
The  square  root  of  the  mean  square  of  the  voltage  or  current  is  " 
called  its  effective  value,  and  is  the  quantity  which  is  indicated  by 
alternating  current  volt-  or  ampere-meters.     For  a  sine-wave  the 

effective  pressure  or  current  is  -^  ^  .707,  or  about  71  per  cent  of 

the  maximum  value,  and  conversely,  the  maximum  is  V2  =  1.41 
times  the  effective  value,  or  41  per  cent  greater     These  relations 

may  be  summed  up  as  follows  : 

p 
^tff,c—  Vmean  square  of  e  =  -^^  =  .707  E ^^x  \         (34) 

^titc=  Vntean  square  of  /  =  — .-  =  '707  I  max.  (35) 

In  practical  cases  it  is  usually  sufficient  to  determine  the  effec- 
tive volts  and  amperes  of  alternating  currents,  the  instantaneous 
values  being  rarely  considered  except  for  the  purpose  of  deducing 
formulas,  stud)'ing  phenomena^  and  other  investigations.  The  term 
7'/r/«a/ is  sometimes  applied  to  the  V mean '^  values  instead  of  the 
word  effective ;  but  the  latter  word  is  now  generally  adopted. 

Inductance  is  one  of  the  three  fundamental  quantities  which 
affect  the  flow  of  an  alternating  or  other  varj'ing  current,  the  other 
two  being  resistance  and  capacity.     It  is  due  to  inductive  action 
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of  the  circuit  on  itself^  or  of  one  portion  of  the  circuit  on  another 
portion  of  the  same  circuity  in  which  cases  it  is  called  seif4ndiution  ; 
or  it  may  be  due  to  the  action  of  one  circuit  upon  another  inde- 
pendent circuit,  in  which  case  it  is  called  viutual  indnciiofL     The 
iormcr  is  the  one  generally  consideretl  in  transmission,  and  will  be 
treated  first. 

The  unit  of  inductance,  or  the  "coefficient  of  self-  or  mutual  in- 
duction," is  called  the  hcmjt  which  is  the  inductance  of  a  circuit 
when  the  E.M.F,  inducal  in  it  is  one  vok,  while  the  inducing 
current  \'aries  at  the  rate  of  one  ampere  per  second.  For  example, 
if  a  counter  E.M.F.  of  one  volt  is  set  up  in  a  coil  when  the  cur- 
rent is  increased  at  the  rate  of  one  ampere  per  second,  then  the 
self-inductance  of  that  coil  is  one  henry. 

The  physical  cause  of  the  phenomenon  of  self-induction  is  the 
fact  that  a  current  flo\\'ing  in  a  conductor  tends  to  produce  mag- 
netic lines  of  force  around  itself.     If  the  conductor  is  a  helix  of 
wire,  the  lines  produced  by  each  turn  pass  throu^rh  that  tUm  and 
trough  most  of  the  others,  so  that  the  total  flux  through  the  helix 
is  large,     WTien   the  current  varies,  the  lines  of  force  also  vary  in 
number,  and  necessarily  cut  the  turns  of  wire,  thereby  setting  up  an 
^MF.  in  the  latter.      With   increasing;  current   this  E,M,F.   is 
counter,  and  opposes  the  flow  ;  with  decreasing  current  it  aids  it ;  but 
when  the  current  is  steady  no  E.M.F.  is  induced,  since  the  Imes 
of  force  do  not  vary  or  cut  the  conductor.     In  the  case  of  mutual 
induction,  it  is  evident  that  a  second  coil  B  in  the  neighborhood 
wiil  be  cut  by  the  lines  of  force  produced  by  the  first,  tending  to 
^  up  an  E.M.F.  in  B,  which  uill  cause  a  current  to  flow  in  it,  or 
^'ill  oppose  or  aid  a  current  already  flowing,  according  to  the  relative 
^^Jr^ciions  of  the  lines  of  force  and  the  current. 

Inductance  was  defined  by  the  Chicago  Electrical  Congress  of 
'^93  in  terms  of  the  E.M.F.  generated,  but  it  is  also  proportional 
^^^  the  number  of  turns  of  wire  and  to  the  average  flux  through 
^ch  when  unit  current  is  flowing.  This  is  similar  to  the  first 
•^finiiion,  since  the  production  of  a  certain  number  of  lines  of  force 
^y  f»ne  ampere  in  one  second  tends  to  generate  a  certain  E,M.F- 
A  third  definitifm  of  inductance  may  be  based  upon  the  electro- 
"^etic  energy  stored  in  a  coil  when  a  unit  current  is  flowing, 
*hich  energy  is  projKirtional  to  the  square  of  the  flux  density, 
^fc  things  being  equal. 


These  three  definitions  may  be  summed  up  as  follows : 
Three  Definitions  of  Inductance.  —  CaJling  L  the  inductance  in 
henrys,  e  and  i  the  instantanctjus  values  of  the  E.M,F.  in  volts  and 
the  current  in  amperes  respectively,  n  the  instantaneous  value  of 
the  average  flux  through  each  turn  of  wire,  Z  the  number  of  turns,  ■ 

(it  ' 

W^the  energy  in  joules  and  -y  the  time  rate  of  variation  of  the 

current,  we  have : 


in  terms  of  E3LF. 


in  terms  of  lines  of  force  and  turns  of  wire 


(36) 


(37) 

in  terms  of  energy 

lV=\LiK  (38) 

Reactance  due  to  Self-induction.  —  It  has  been  shown  that  the 
effect  of  iJiductance  in  an  alternating  current  circuit  is  to  oppose 
the  flow  of  current  on  account  of  the  counter  E.ALF.  which  it  sets 
up.  This  opposition  may  be  considered  as  an  apparent  resistance^ 
and  is  called  reactance  to  distinguish  it  from  true  ohmic  resistance. 
The  value  of  the  reactance  due  to  inductance  is  given  by  the  fol- 
lowing expression,  in  which  /is  the  frequency  in  periods  per  second, 
and  L  is  the  inductance  measured  in  henrys 

Reactance  =  zitfL.  (39) 

The  result  obtained  gives  the  equivaknt  or  apparent  resistance  in 
ohms. 

Exampk.  —  A  coil  of  wire  having  a  self-inductance  of  26  millibenrys  =.026 
henry  is  supplied  with  an  alternating  current  at  a  frequency  of  100  periods  per 
second.    Its  reactance,  assuming  its  ohmic  resistance  to  be  nejiligible,  would  be 

2 t/Z  =  2  X  3-UlO  X  100  X  .025  =  15.7  ohms.  | 

Such  a  coil  would  have  the  same  apparent  resistance  as  a  non-inductive 
circuit  of  15.7  true  ohms,  and  if  connected  to  an  alternating  current  source 
giving  1000  volts  at  100  frequency,  the  effective  current  flowing  through  the  coil 

would  be  -ir^-  —  fUi7  amperes. 

Impedance  due  to  Resistance  and  Inductance.  —  Actual  circuits 
alvva}S  have  resistance  as  well  as  inductance,  and  in  most  cases  the 
former  cannot  be  neglected.     The  combined  effect  of  resistance 
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and  inductance  is  called  impedame  to  distinguish  it  from  the  other 
two,  and  has  the  following  value  in  ohms  (apparent  resistance). 

Impedance  =  V  W^^^Lf,  (40) 

Example.  —  A  coil  of  wire  has  a  resistance  of  ::o  ohms  and  an  inductance 
of  .015  henry.  For  an  alternating  current  having  a  frequency  of  100  tlie  im- 
pedancc  of  the  coil  is 


y  i^-f(2r/Z)*^  y  2<>*  H-  15.7«  ^  25.4  ohms. 


1000 
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fig,  82.     Orapfiicat  /leprese/itat:oit. 


Supplied   with    IWK)   volts   the  coil  would  receive   a  current  -^^  =  39.3 
peres. 

0  The  relations  expressed  analytically  in  (40)  are  evidently  repre- 

sented graphically    by   the   right- 
angle  triangle  in  Fig.  82.     The  re- 
»    si  stance  R  in  ohms  is  laid  off  on 
a     convenient    scale   to   form    the 
t>ase,  the  reactance  2ir/Z  is  laid  off 
also  in  ohms  to  form  the  perpen- 
dicular, and  the  impedance  in  ohms 
^s  found  by  measuring  the  hypoth- 
enuse  of  the  triangle,  since  it  is 

«iual  to  the  square  root  of  the  sum  of  the  squares  uf  the  other 
two. 

Lag  of  Current  due  to  Inductance.  —  Besides  opposition  or  re- 
actance to  an  alternating  current,  inductance  also  causes  the  latter 
to  lag  beliind  the  E.M.F.  which  pnxluccs  it.  The  curve  EF  in 
%  83  represents  the  Mraves  of  an  alternating  E.M.F.  impressed 
^pon  a  circuit  containing  ohmic  resistance  without  inductance  or 
capacity.  In  such  a  case  the  resulting  current  will  reach  its  maxi- 
mum as  well  as  zero  values  at  the  same  instants  as  the  E.M.F,^ 
and  may  be  represented  by  the  curve  CD,  If  now  a  self-induction 
coil  be  introduced  into  the  circuit  in  series  with  the  resistance,  the 
^^"^^wX  waves  will  lag  with  respect  to  those  of  E.M.F\  that  is, 
^he  maximum  current  will  flow  a  little  later  than  the  instant  of 
'"^imum  E.M.F.,  as  indicated  by  the  dotted  curve  GH.  The 
amount  of  this  lag  is  measured  as  an  angle  called  the  angle  of  lag, 
^suming  one  complete  period  to  correspond  to  SGO'.  In  Fig.  88 
*lie  cun-ent  wave  is  showTi  as  having  its  zero  value  one-eighth  of  a 
period,  or  45^*  behind  the  zero  EM.F.,  and  the  same  for  the  maxi. 
roum  and  other  corresponding  points,  hence  the  angle  of  lag  is  4/>°. 
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The  tangent  of  the  angle  of  lag  with  a  given  resistance  K  and 
inductance  L  in  the  circuit  is 


tan  <^  = 


reactance 


resistance 


(40a) 


Referring  to  Fig.  82,  it  is  evident  that  the  tangent  of  the  angle  ^ 
is  equal  to  2w/L-hR;  therefore  4>  represents  the  angle  of  Lg,  which 
may  be  easily  determined  graphically  in  this  way.  It  is  apparent* 
from  Fig,  82,  that  the  angle  of  lag  «^  is  small  if  the  resistance  is 


Q.'— 


-^ 


m- 


H  ''-'X*1 


Fig.  83.    La9  of  Alternating  Current 

large  compared  witli  the  inductance  Z,  unless  the  frequency  is 

high.  It  is  a  fact  also,  that  however  large  the  inductance  or  fre- 
quency, and  however  small  the  resistance,  the  angle  of  lag  can 
never  be  greater  than  a  right  angle,  or  90°.  This  is  evident  in 
(40a),  since  <^  =  90°  when  its  tangent  is  infinity. 

Example.  —  A  circuit  has  a  resistance  of  2  ohms  and  an  inductance  of 
.0016  henry.  What  is  the  angle  of  lag  for  an  alternating  current  having  a 
frequency  of  100? 

2ir/7,=  2  X  3.U16  X  100  X  .001t}  =  2  ohms. 

The  resistance  R  is  also  2  ohms,  therefore  tan  ^  =  i  =  I  and  4f  i»  46**,  Thi* 
is  the  condition  .shown  in  Fig.  8.>,  the  current  wave  GFi  (dotted)  being  46"  be- 
hind the  E.M.F.  wave  EF.  The  curve  CD  represents  Ihc  current  that  would 
flow  if  a  wire  of  z  ohms  resistance  without  inductance  were  supplied  with  100 
volts  alternating  E.M.F.,  the  current  at  any  instant  having  one  half  the  nu- 
merical value  of  the  E.M.F.  its  effective  value  being  100 -^  2  =  60  amperes  with 
no  lag;.  The  addition  of  .onifi  henry  inductance  produce.s  a  reactance  of  2 
ohms,  which  combined  with  the  resistance  of  1  ohms,  makes  an  impedance  of 
y  iM^-  =  2.82  ohms,  which  is  much  less  than  their  arithmetical  sum. 

The  current  is  100^2.82  =  36.6  amperes,  so  that  the  effect  of  inductance  is 
to  diminish  the  current,  and  cause  it  to  lag  as  shown  by  comparing  curves  CD 
and  G}^  -  ~ 


^ 
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Determination  of  the  Power  of  an  Alternating  Current*  —  In  a 

drcuit  containing  ohmic  resistance  only,  the  current  wave  C  does 

not  lag  with  respect  to  the  E.M.K  wave  E^  and  the  power  is 

represented  by  the  curve  PQ 

in  Fig.  84.      At  any  ijistant 

the  power  in  watts   is  the 

product  of  the  E.M.F,  and 

current  at  that  instant,  but 

for  convenience  these  values 

(curve  PQ)  are  plotted  on 

a  smaller  scale  than  E  and 

C    The  power  is  positive  at 

all  times,  since  the  product 

of  the  positive    values    of    E       ^'^-  ^*-    ''°'"'  "^  ^^i^rnatln^  Our^m  «.«*  no  Lag. 

and  fas  well  as  the  negative  values  of  D  and  E  are  always  posi- 
tive, and  its  effective  value  is  the  Vmean^  of  these  products,  which 
is  simply  the  product  of  the  effective  E.M.F.,  and  current,  as  read 
on  a  volt  and  an  ampere-meter,  that  is 


360* 


Power  =  E  y.  /. 


(41) 


With  indmn.inre  in  the  circuit,  the  current  lags  behind  the 
^M.F.3nd  the  power  may  be  represented  by  the  curve  PRQS  in 
Fig.  85.  The  negative  values  R  and  5  of  the  power  are  due  to 
^e  fact  that  the  current  C  is  positive  when  the  E,M.F,  is  nega- 
te, or  vki  versa ;  hence  the  actual  power  is  reduced,  being  the 

algebraic  sum  of  these 
quantities.  When  the  re- 
actance is  very  great  com- 
pared with  the  resistance, 
the  current  lags  90°  ;  and 
the  negative  power  at  T 
and  f/,  in  Fig.  86,  is  equal 
^S  to  the  positive  power  at  P 
and  Qt  so  that  the  actual 
power  is  zero.  All  that 
occurs  is  a  charging  and 
discharging  of  electro-magnetic  energy  in  the  coil,  the  amount  re- 
^^rncd  being  nearly  equal  to  that  stored.  It  should  be  noted  that 
^"C  frequency  of  the  power  cur\'es  in  Figs.  85  and  86  is  twice  that 


'^w. 


Pownr  of  AH*riMtdn9  Ourreitt  with  46°  Lag. 


mm 


120 


ELECTRIC  UCHTrNG. 


r 

i  of  the  E.M.F.  or  current.     The  effecti\'e  power,  when  the  EMJP. 

■  and  current  differ  in  phase  —  tiiat  is,  one  lags  behind  the  other— a 

^^  ^_^  ^„.^  Power  =  jff/ cos  ^     (4?) 

I' 


exi 


r/g,  ^Q,    Poufar  of  AHernating  Current  wfth  90°  Lag. 


In  this 
cos  <^  is  the  C" 
the  angle  of  lag,  and  i& 
called  the  power  fackn, 
since  it  is  the  ratio  U 
the  real  power  to  the  cf 
parent  pozver  EL 

To  measure  alternat- 
ing current  power,  it  is 
necessary  to  know  the 
angle  of  lag  if  sepanlc 

volt-  and  ampere-meters  are  used,  or  to  employ  a  watt-meter,  whidi 

gives  the  true  reading  directly. 

Example.  —  Taking  ihe  same  case  as  before  in  which  the  E.MJ^.  is  )«< 
volts,  the  current  is  ;iG.5  amperes  and  the  angle  ofja^  is  4o°.  the  real  power 
would  be  luo  X  95.5  X  cos  Ah""  =  1CM>  x  35.6  X  .71  =  2620  watts,  while  the  ip- 
parent  power  is  100  X  35,6  =  .1550  waits. 

Capacity  is  the  third  quantity  which  eifects  the  flow  of  an  alter- 
nating or  other  variable  current.  This  physical  quantity  is  familiar 
in  the  case  of  the  electrostatic  capacity  of  a  Leyden  Jar  or  a  con- 
denser, and  is  measured  in  terms  of  the/an/^as  a  unit,  being  the 
capacity  of  a  condenser  which  will  contain  one  coulomb  of  charge' 
at  a  ]:)titential  of  one  volt.  Since  this  unit  is  much  too  large  for 
ordinary  use,  the  microfarad^  or  millionth  of  a  farad,  is  generally 
employed, 

Reactance  due  to  Capacity.  - —  When  the  t%vo  terminals  D  and 
G  of  a  condenser  are  connected  respectively  to  the  two  wires  BD 
of  an  alternating  current  source  A^  as 
indicated  in  Fig.  87,  the  condenser 
will  he  charged  and  discharged  continu- 
ally, so  that  current  will  flow  in  the 
wires  B  and  D  in  spite  of  the  fact  that 

the  two  sides  D  and  G  of  the  condenser  are  insulated  from  each 
other,  which  prevents  the  actual  passage  of  current  through  it. 
Thus  we  see  that  a  condenser  is  equivalent  to  a  closed   circuit 


(5 


3 


O 


Fiq.  87.    Coaitenttr  in  Alternattti 
Currttnt  Cireuft. 
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having  a  certain  resistance,  or»  in  other  words,  it  has  an  apparent 
resistance  in  ohms  which  is  called  its  reactance,  corresponding  to 
that  due  to  inductance.     Evidently  the  flow  of  current  increases 

L directly  with  the  capacity  and  with  the  frequency,  therefore  the 
reactance  is  inversely  proportional  to  these  quantities.     Calling  K 
the  capacity  in  farads,  the  reactance  in  ohms  is  : 
reactance  =  jj^^;  (43) 

I  '  current  =  ^  x  2  -rrfK.  (44) 

£r(7M/A',  — What  is  the  reactance  of  a  Ctk-micro farad  condenser  to  an  alter- 
natmg  current  of  K)0  frequency  ?    The  reactance  from  (43)  is : 

277A'  ^  2  X  S.U1H  X  lOU  X  .(KMMk-iO  ""  .031416  ^  ^'"^  ^'^^'^' 

1  (10 

If  li>c  EM,F.f>{  the  supply  is  100  vohs.  a  current  of  ^r-^  =  3.14  amperes  would 
''ow  in  the  connecting  wires. 

Lead  of  Current  due  to  Capacity.  —  A  condenser  is  supplied 
'ith  an  alternating  E.M.F.  represented  by  the  curve  EFGH  in 
%  8H.  It  is  evident  that  current 
will  flow  into  the  condenser  In  €)ne 
(lirection  while  the  E.M.F.  varies 
from  its  greatest  negative  valut.'  E  to 
'^s  highest  positive  value  F^  and  its 
fiirection  is  the  same  as  that  of  the 
positive  E.M.F.,  therefore,  a  positive 
^"ave  of  current  C  is  pr<xluced  during 

that  time.  The  condenser  is  fully  charged  when  the  E.M.F. 
•■^ches  its  maximum  value  F,  so  the  flow  into  the  condenser 
ceases  and  the  current  is  zero.  The  E.M.F.  then  falls  as  shown 
^y  the  line  FGH,  and  the  condenser  discharges,  producing  the 
"c^tive  current  wave  D  and  so  on.  By  comparing  the  two  cur\'es» 
'*  appears  that  the  maximum  current  into  the  condenser  occurs 
at  a  point  C,  which  is  f>0"  altc^d  of  the  maximum  E.M.F.  at  F, 
^"d  the  same  for  other  corresponding  points.  Hence,  the  char- 
P^g  current  of  a  condenser  has  a  Ua^/  with  respect  to  the  im- 
pressed E.M.F.  The  tangent  of  the  angle  of  lead  or  negative  lag 
'^pven  by  an  expression  analogous  to  (40a). 


Fig.  88.    Lead  of  AfUrmilng  Curreni. 


tan  ^  ==  — 


Reactance 
Resistance 


1_ 


(45) 
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This  angle  may  be  determined  graphically  by  a  triangle,  as  in-" 
dicated  in  Fig.  89,  similar  to  Fig.  82 ;  but  in  this  case  the  reactance 

■J5 — YD-  ^s  la^id  off  downward,  since  it  produces  a  lead  instead  of  a  lag. 
J  TrjK. 

Impedance  due   to  Resistance^   Inductance^    and    Capacity.- 

WTicn  a  certain  ohmic  resistance  is  in  scries  with  a  condenser,  the 
impedance  or  combined  apparent  resistance  in  ohms  is  given  by  ar 
expression  corresponding  to  (40). 


Impedance  =  y  r%j^  {9^) * 


(4 


The  same  result  is  obtained  graphically  in  Fig.  89,  When  in-j 

ductance  and  capacity  are  both  present  in  a  circuit,  the  reactancej 

of  one  tends  to  balance  that  of  the  other,  so  that  the  combined 
reactance  is  the  algebraic  sum  of  the  two,  that  is :  m 

Reactance  =  2  tt/Z  -  ;^—Trr-  (*^ 

When  all  three  quantities- — resistance,  inductance,  and  capacity 
^  are  present  in  a  circuit,  the  combined  impedance  is 


Impedance  =  ^i^H  {2^/.  -  ^^Y 
2,r/Z  -       ^ 


m 


Tangent  of  angle  of  lag  or  lead  =- 


2ir//C 


R 

The  graphical  solution  is  sho\ATi  in  Fig.  90;  the  inductance  re- 
actance being  laid  off  ujnvard,  and  the  capacity  reactance  down- 


's^ 


fiq.  80>    fmptdancv  and  Itud 
Shou/n  QraphicaHy. 


-M 


Flf^f.  90.     tntpattamm  and  /.«<j  rfu«  to 
Thne  Quantltlta. 


ward,  the  difference  being  the  perpendicular  nf  the  triangle 
which  the  hypothenuse  is  the  im(>etlance  and  the  angle  (f»  is  the  lag 
or  lead,  as  the  case  may  be.  For  convenience,  the  constant  2wf  is 
designated  as/. 
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ExampU,  —  A  circuit  consists  of  a  coil  having  20  ohms  resistance  and  .025 
hfluy  influctance  in  series  with  a  condenser  of  WJ  microfarad.  What  is  the 
combined  impedance  and  angle  of  lag  when  supplied  with  alternating  current 
at  a  frequency  of  100?  The  impedance  from  (48)  is  y  2t> -f  (16.7  —  31.8)*  = 
%A  ohms,  which  is  less  than  the  capacity  reactance  (lit. 8  ohms)  alone.  The 
tangent  of  the  angle  of  lead  (the  capacity  reactance  being  greater  than  the  in- 
ductance reactance)  is 

16J-31.8^_10^_ 

2a  20  ' 

Power  Factor  with  Resistance,  Inductance,  and  Capacity.  —  It 
has  already  been  stated  (42)  that  Power  =  Ei  cos  4*,  when  the  cur- 
rent lags  on  account  of  inductance.      It  applies  also  to  a  leading 
current  in  a  capacity  circuit,  and  to  a  circuit  containing  resistance, 
'inductance,  and  capacity.    All  that  is  necessary  is  to  determine  the 
angle  of  lag  or  lead  from  (49),  or  Fig.  90,  and  the  cosine  of  that 
angle  is  the  power  factor.     It  is  evident  that  the  angle  of  lag,  ^,  is 
small  when  the  induction  and  capacity  reactances  are  nearly  equal, 
so  that  they  practically  neutralize  each  other,  in  which  case  cos  ^ 
the  power  factor,  is  almost  100  per  cent 

Resonance.  —  If  2ir/Z  =  in  (48),  then 

^  It  J   A 

and  the  impedance  of  the  circuit  reduces  to  R  simply,  just  as  if 
neither  inductance  nor  capacity  was  present.  In  other  words,  the 
two  reactances  exactly  neutralize  each  other.  The  electrostatic 
energy  in  the  condenser  discharges  when  the  electromagnetic 
^ergy  in  the  inductance  is  being  stored  up,  and  vice  versa.  This 
C'lidiiion  is  called  electrical  resonaftcc;  and  the  circuit  is  said  to  be 
^^ncd  for  the  particular  frequency  indicated  in  (50),  since  with  a 
given  E.M.F.t  the  current  will  be  much  stronger  for  that  fre- 
quency than  for  any  other,  the  impedance  being  a  minimum  and 
^ual  to  the  resistance  only.     'Ilie 

induction-   or    capacity-reactance  ^  L  K 

may  each  be  very  high,  in  which  AAAAAinnrO-^=V^ 
'^'>e  the  difference    of   potential    ^  S  T  U 

^oss  either   pair   of    terminals 

»il'  be  much  greater  than  the  impressed  E.M.F,,  since  the  drop 
^  vohage  for  each  part  of  the  circuit  is  equal  lo  its  reactance 
multiplied  by  the  current.  This  can  best  be  made  clear  by  an 
example. 


Example.  —  In  Fig.  01  a  non-mductive  resistance  R  oi'2  ohrnstsconoecu 
in  series  with  a  coil  Z.,  having  .051  henry  inductance  (with  insignificant 
tance),  and  with  a  condenser,  A',  of  5(^  microfarads.     What  arc  t!»e  conditio 
when  ILK>  volts  alternating  E.M.f.  at  KWi  frequency  is  applied  lo  the  lermlDiJ 
F  and  (/ ?    The  impedance  from  (48)  is  '/'l^  -\-  (3-'.  —  31. 8/^  =  -^4^  Imi  =  tffll 
ohms.    This  is  only  .01  ohm,  or  one-half  of  one  percent  more  than  the  resistascel 
alone.    With  KHJ  volts  the  current  is  HHl-r  2. Ul  =  49.8  amperes.     Since  the  r^^ 
actance  of  the  coil  /.  is  fl2  ohms,  the  potential  difference  across  its  terminals  J 
and  7"  is  32  X  40.8  =  16l«16  volts,  and  between  the  terminals  7"  and  U oi  ibe 
condenser  A'  it  is  31.8  X  49.8  =  1583.6  volts.     Each  of  these  is  nearly  siite«9 
times  as  great  as  the  impressed  voltage  at  P  and  t/",  which  is  only  100.    This 
multiplication  of  pressure  when  resonance  happens  to  occur  is  sometimes  the 
cause  of  breakdown  in  the  insulation  of  conductors  and  apparatus. 

Resonance  may  be  set  up  by  the  frequency  of  the  fundamental  wave  or  by 
that  of  any  upper  harmonics  (Fig.  HO),  With  die  fundamental  f req uency  Jtui 
with  the  third  and  fifth  harmonics  present  as  is  often  the  case,  there  would  be 
three  values  of  the  frequency/in  (50),  any  one  of  which  might  satisfy  thceqio- 
tion  and  give  resonance,  if  tlic  product  L  A"  happened  to  have  a  corresponding 
value. 


Circuits  Containing  Reactances  in  Series,  —  Equation  (48),  or 
the  graphical  methods  shown  in  Figs.  82,  89,  and  90;  may  be  used 
to  find  the  impedance  of  any  combination  of  resistances,  induc- 
tances, or  capacities  in  series.  In  such  a  case,  the  sum  of  all  ihc 
resistances  should  be  substituted  for  R,  the  sum  of  all  the  induc- 
tances for  Li  and  tlie  sum  of  all  the  capacities  for  JC  in  (48). 
These  total  values  may  be  used  also  in  the  diagram  represented  in 
¥\g.  90.  The  EJJ.F,  is  then  divided  by  the  total  impedance  thus 
found  in  order  to  obtain  the  current.  The  potential  difference  be- 
tween any  two  points  of  the  circuit  is  the  product  of  this  current 
and  the  impedance  between  those  points.  The  ang-le  of  lag  is 
found  by  (49)  using  total  values  for  R^  Z,  and  A'  If  one  or  two 
of  these  quantities  are  not  present  in  any  case,  they  disappear  from 
the  equations  or  graphical  representations  without  affecting^  those 
quantities  remaining. 

Reactance  E.M.F. —  In  Fig.  92  the  horizontal  line  OA  is  laid 
off  in  proportion  to  the  resistance  of  a  certain  cc»il,  and  the  vertical 
line  OB  is  made  proportif>nal  to  its  reactance  =  /Z,.  in  which 
/  =  2.-nf.  When  the  rectangle  is  completed,  the  diagonal  OD 
represents  the  impedance  =  V  /?»  +  {pL)\  being  the  same  as  the 
hypotheniise  in  Fig.  82.  Assuming  a  current  of  one  ampere  in  the 
coil,  the  voltage  across  its  terminal  is  I  ^  R^ -t  {pf)\  which  is 
numerically  ecjual  lo  the  impedance ;  hence  the  line  OD  in  Fig.  9i 
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may  be  taken  to  represent  that  voltage.  Similarly  the  line  OA 
gives  the  drop  due  to  the  ohmic  resistance,  and  the  line  OB  shows 
the  voltage  required  to  overcome  the  reactance.  That  is,  the  im- 
pressed E.M.F,  OD  is  resolved  into  two  components  at  right 
angles  to  each  other,  one  of  which,  IR^  overcomes  the  resistance, 
and  the  other,  /Z./,  overcomes  the  reactance.  The  reactance  is, 
in  fact,  an  opposing  E.ALF.^  having  an  effective  value,  OF^  equal 
but  directly  opposite  to  pLI,  and  lagging  90°  behind  the  current, 
the  phase  of  the  latter  being  represented  by  the  line  OA. 

These  relations,  which  are  very  im|XJrtant,  may  be  stated  as 
follows :  With  a  given  current  /  the  effect  of  resistance  is  equiva- 
lent to  a  counter  E.M,F.  equal  to  IR^  and  represented  by  the  line 
OG.  With  the  same  current,  the  reactance  is  actually  an  opposing 
E.ALF.  having  an  effective  value  equal  to  pLi,  and  indicated  by 


I 
I 


fiq.  92.    CamponMifta  of  e.tt.f. 

OF,  The  combined  effect  of  the  two  is  equlvnlent  to  a  counter 
E.M.F.  equal  to  OH,  which  is  their  resultant.  Hence  0I\  the 
impressed  E.M.F.^  must  exactly  balance  0H\  that  is,  it  is  equal 
and  op|X>site  as  shown.  The  phase  of  the  impressed  E.M.F.  is 
represented  by  the  line  ODy  with  respect  to  which  the  current 
phase  OA  has  an  an^le  of  lag  <^,  and  OF^  the  reactance  E.M.F. , 
has  a  further  lag  of  90''  behind  the  current. 

Precisely  similar  diagrams  and  reasoning  apply  to  the  capacity 
reactance  and  angle  of  lead  in  Fig,  89  and  to  the  combined  induc- 
tance and  capacity  reactances  in  Fig.  90. 

Composition  and  Resolution  of  E,M.F.  and  Current In  the 

manner  explained  above,  two  or  more  altcrnatin*;  F.Af.F.'s  may  be 
combined  to  form  a  resultant,  or  one  E.M.F.  may  be  resolved 
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into  two  or  more  components  ;  and  the  same  is  true  of  alternating 
currents.  For  example,  two  alternators  are  running"  in  series*  the 
value  and  phase  €jI  the  E.M.F.  of  one  being  represented  by  O^i 
in  Fig.  93,  and  the  value  and  relative  phase  of  the  other's  EMI. 
being  represented  by  ON.  The  combined  effect  is  the  same  as 
that  of  one  EuM.F.  having  the  value  and  phase  OP,  which  is 
the  resultant  of  the  two.  If  OM  and  ON  represent  the  phase 
and  values  of  two  alternating  currents,  the  phase  and  amount  of  the 
resultant  current  are  given  by  OP.     This  method  applies  to  any 


^M 


figs.  93  and  94.    ContpomsitU  and  /te$otlants  of  E.M.F.  and  Currant 


number  of  E.M.F.'s  or  currents  having  any  phase  angles,  the 
various  components  being  combined  successively  in  pairs.  Instead 
of  constructing  a  complete  paralle!f)gram»  it  is  sufficient  to  lay  oif 
OT  lo  represent  one  £".i/./^.,  and  77 'to  represent  the  phase  and 
value  of  another  E.M.F. ,  then  O  V  is  their  joint  phase  and  amount 
In  other  words,  their  resultant  is  the  vector  sum  C^Fof  the  twc* 
vectors  t?r  and  TV^  representing  their  respective  values  and 
phases. 

Impedance  of  Parallel  Circuits. — With  two  or  more  simple 
resistances  in  parallel,  the  joint  conductance  is  the  sum  of  the  sev- 
eral conductances  ;  hence  the  joint  resistance  is  the  reciprocal  of 
the  sum  of  the  reciprocals,  that  is : 

1 


Ji  = 


U 


-U3h- 


In  the  above,  R  is  the  jfvint  resistance  of  the  resistances  r^  rj\ 
etc.,  in  parallel.  If  no  inductance  or  capacity  is  present,  this  iil 
true  of  alternating  circuits,  and  always  applies  to  steady  directf 
currents.  When  there  is  inductance  or  capacity  or  both  in 
or  more  of  several  alternating  circuits  in  parallel,  it  becomes  nee 
sary  to  consider  the  phases  of  the  currents  in  the  different  branches. I 
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Two  inductive  coUs  A  and  B  in  parallel  are  assumed  to  be  sup- 
plied with  an  alternating  vollage  by  the  conductors  C  and  D  in 
Fig.  95,  To  deduce  a  method  for  finding  their  joint  impedance, 
let  us  suppose  that  ^^in  Fig.  %  represents  the  phase  and  value 
o(  the  current  in  the  coil  A^  and  OY  the  phase  and  value  of  the 
current  in  By  then  (9 A' gives  the  phase  and  value  of  the  resultant 


Ftqi.  95  CLiffi  90.     fmptdariC0  <tf  Paraltsl  Circuits, 

current,  which  actually  Hows  on  the  supply  wires  C  and  D.  If 
the  effective  potential  difference  between  ^and  I)  is  one  volt,  and 

ihe  impedance  o(  the  coil  A  is  _/,,  then  its  current  OW  is  -y'  ^"*^ 

1  ^ 

if  the  impedance  of  B  is  J^  its  current  ^'I'is  y.     The  resultant 

current  OX  must  be  -p  in  which  J  is  the  joint  impedance  of  the 

Iwo.  The  reciprocal  of  impedance  is  called  admittance  ;  therefore, 
ifif  joint  admittance  of  two  or  jnore  alternating  circuits  in  parallel  is 
^rmdtant  of  their  several  admittances.  The  equivalent  impe- 
<hnce  is  found  by  taking  the  reciprocal  of  the  joint  admittance. 
Many  combinations  of  resistance,  inductance,  and  capacity  in  scries 
3od  in  parallel  are  calculated  out  in  the  work  on  «'  Alternating 
(Currents,'*  by  Professors  D.  C  and  J.  P.  Jackson,  pp.  151-220. 
^e  following  examples  are  sufficient  to  show  the  method  : 

Examples.  —  A  non-inductive  resistance  R\  of  10  ohms  fs  in  parallel  with 
5"  'nduciive  resistance  of  10  ohms  and  .01  henry  as  indicated  m  Fi^.  07.  What 
"  y>e  joint  impedance  and  angle  of  lag  for  an  alternating  current  having  a  fre- 


Flqi.  97,  98,  and  99.    titductlof  and  Non-lnductht  Clrcutta  In  Paratlti, 

l^encyof  127i?  The  impedance  of  the  lower  branch  may  be  determined  by 
constructing  the  triangle  shown  in  Fig.  t»B,  in  which  the  basc  =  /?5=  10  and  ihc 
P«n»€ndicular  =  2ir/Z=800/:  =  8.    Hence,  by  calculation  or  by  mcasuiemctiV 
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we  find  that  the  impedance,  /s  =  12.8  and  the  angle  of  lag  ^  =  3«*'40'.     In  an- 
other diagram  (Fig.  IW)  the  conductance  =  ^  =  .100  is  laid  off  horizontally  to 

represent  the  upper  branch,  and  the  admittance  =  y  =  .078islaidoff  atananglc 

flSt=38*'40'  to  represent  the  lower  branch.     Completing  the  parallelogram,  it  is 

found  that  the  joint  admittance  =     =  .ltS8,  so  that  the  joint  impedanccy  =  5,96 

ohms,  and  the  resultant  angle  of  lag  ^  =  ia°52'. 

In  Fig.  100  a  coil  Rv  —  10  ohms,  and  i  =  , 0104.2  henry  is  in  parallel  with  a 
circuit  containing  a  resistance  /i*2=  10  ohms  and  a  condenser  having  a  capacity 
/t'=laO  microfarad,  what  is  the  joint  impedance  and  angle  of  lag  ^  lor  an 
alternating  current  having  a  frequency  of  1271?  The  impedance  of  the  coil  is 
found  to  be/i  —  KJ  ohms,  and  the  angle  of  lag  ^  =  3t»*'&0i  in  Fig.  101,  and  the 
impedance  of  the  condenser  circuit  is/s=  13  ohms,  and  the  angle  of  lead  ^^ 


I 
I 


R,.iO  L-J0I04Z 

Ri-lO       K-150 
f^fg.   100. 


=  3ft°S0f  in  Fig.  102.    The  corresponding  admittances,  each  of  which  is  1  -f  18^= 
.077,  are  laid  off  in  Fig.  103  with  the  same  angles  of  lag  and  lead.     The  joiniE^ 

admittance  ■j=  .117,  so  that  the  joint  impedance  /—  8,47  ohms,  and  the  result^ 

ant  angle  of  lag  0  =  0,  since  the  lag  of  one  circuit  balances  the  lead  of  th^ 
other.    At  100  volts  the  main  conductors  /^  and  £7  would  supply  100^8.47  = 
11.7  amperes.    The  power  factor  is  100  per  cent  (cos^"l)  so  that  the  true 
power  would  be  100  x  11.7  —  1170  watts.     The  current  in  each  branch  would  be 
100  —  13=7.7  amperes,  one  lagging  3ir60',  and  the  other  leading  30*>&O',  with 


CTx 
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respect  to  the  impressed  E.Af.F.  The  fact  that  the  actual  current  supplied 
(=11.7  amperes)  is  not  equal  to  the  sum  of  those  in  the  two  branches  (2  x  7.7  = 
15.4  amperes)  shows  that  the  discharging  of  one  partly  acts  to  charge  the  other, 
which  is  always  the  case  when  parallel  circuits  are  not  in  the  same  phase. 

Other  combinations  of  resistance,  inductance,  and  capacity  may  be  treated 
in  a  similar  manner. 
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Self-Inductance  of  Lines  and  Circuits.  —  It  is  possible  to  calcu- 
late the  inductance  of  coils  of  wire,  but  difficult  to  do  so,  and  in 
most  cases  it  is  determined  by  comparison  with  standard  induc- 
tances. The  inductance  of  aerial  lines  is  easily  calculated,  since 
they  are  generally  parallel,  and  the  metlium  has  a  fixed  permeabil- 
ity practically  equal  to  one.  Wires  laid  upt^n  a  wall  of  wood,  or 
oihtT  non-conducting',  rmn-ma^netic  substance,  or  otherwise  placed 
out  of  proximity  to  such  a  substance,  have  practically  the  same  in- 
ductance as  aerial  lines. 

The  followinfC  formulas  may  be  used  to  determine  the  self- 
inductance  of  two  parallel  atrial  wires  forming  part  of  the  same 
circuit,  and  composed  of  copper  or  other  fwn-ma^^neiic  material. 

L  per   centimeter  ^ /.5  4-  2  log,  7)1^"'  (51) 

In  this  expression  A  is  the  self-inductance  in  henrys  per  centi- 
meter of  each  wire,  A  is  the  interaxial  distance  between  the  two 
Wcs,  and  r  is  the  radius  of  each.  The  dimensions  A  and  r  may 
be  expressed  in  terms  of  any  unit,  provided  it  is  the  same  for  both. 
Since  the  Napierian  logarithms  in  the  above  equation  are  2.302585 
limes  the  common  logarithms,  and  as  it  is  more  convenient  to  use 
the  diameter  </ of  the  wire  instead  of  its  radius,  wc  have  without 
appreciable  error : 

L  per  centimeter  =  L5  +  4.6 log -^\ lO'*  (52) 

L  per  foot  =  fl5.24  +  140.3  log^)  10"* (53) 

L  per  mile  =  (80.5  -f  T40.  log  ^]  10^    (54) 

For  each  of  two  parallel  inm  wires  we  have  the  following  expres- 
sions, in  which  the  only  change  is  the  first  constant : 

1A\ 


I  ^A\ 

L  per  centimeter  =  f  75  +  2  log,  —r]  10 "• 

/  2A\ 

Z  per  centimeter  =  175  +  4.6  log-T-)10~" 


(55) 
(56) 


L  per  foot  =  (-2286  +  140.3  log  -j\  10-*  (57) 


L  per  mUe  =  f  12070  +  740  log  ^)lO^   (58) 
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wc  find  that  the  impedance, /« =  12.8  and  the  angle  of  lag  0i  =  8l<HO'.    hifr 
other  diagram  (Fig.  W\  the  conductance  =  ^-  =  .100  is  laid  off  horiiooiallj to 

represent  the  upi>er  branch,  and  the  admittance  —  y  =  -078  is  laid  off  atanafifie 

^=38^40'  to  represent  the  lower  branch.     Completing  the  parallelogram,  it « 

found  that  the  joint  admittance  =  y  =  -1*38,  so  thai  the  joint  imped ancey=S.4 

ohms,  and  the  resultant  angle  of  lag  <^=  10*='52'. 

In  Fig.  100  a  coil  Ri  ~  10  ohms,  and  L  =  .01042  henry  is  in  parallel  witlu 
circuit  containing  a  resistance  Ri  =  10  ohms  and  a  condenser  having  a  capadrf 
A' =150  microfarad,  what  is  the  joint  impedance  and  angle  of  lag  ^  for  is 
alternating  current  having  a  frequency  of  1271?  The  impedance  of  thecotla 
found  to  be/i  =  13  ohms,  and  the  angle  of  lag  ^i  =  3U°5f>*  in  Fig,  101,  and  the 
impedance  of  the  condenser  circuit  is/s=  13  ohms,  and  the  angle  of  lead^= 


R.-10  L-J01042 


Hy.   too. 


=  39°50[  in  Fig.  102.    The  corresponding  admittances,  each  of  which  is  1  -f  U*  1 
.077,  are  laid  off  in  Fig.  103  with  the  same  angles  of  lag  and  lead.    The  joist 
admittance  ^=  .117,  so  that  the  joint  impedance  /=8.47  ohms,  and  the  rcsalt- 

ant  angle  of  lag  ^  =  0,  since  the  lag  of  one  circuit  balances  the  lead  of  ih* 
other.  At  100  volts  the  main  conductors  F  and  (?  would  supply  100 -r  8.47  = 
11.7  amperes.  The  power  factor  is  100  per  cent  (cos  0=  1)  so  that  the  ime 
power  would  be  100  x  1 1.7  =  1170  watts.  The  current  in  each  branch  would  be 
100-M3  =  7.7  amperes,  one  lag:ging  3^50',  and  the  other  leading  3»°60',  witi 


fl.'lQ 


a^ 


ftf.  702, 
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respect  to  the  impressed  E.M.F,  The  fact  that  the  actual  ciirrent  supplied 
(=  11.7  amperes)  is  not  e<iual  to  the  sum  of  those  in  the  two  branches  {2  x  7.7  = 
IW  amperes)  shows  that  the  discharging  of  one  partly  acts  to  charge  theothci; 
which  is  always  the  case  when  parallel  circuits  are  not  in  the  same  phase. 

Other  combinations  of  resistance,  inductance,  and  capacity  may  be  treated 
in  a  similar  manner. 
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Substituting,  in  this  expression,  the  value  of  the  distance  between  the  wires 
J  =  48  inches,  and  the  diameter  of  each  wire,  d—  .4(i  inch,  we  have 

L  per  mile  =  (m.h  +  740,3  log  |^)  10  ~  **  =  .001799  henry. 

This  is  equal  to  1.7!>9  millihenry,  and  is  the  same  value  as  that  given  in  the  first 
column  of  the  table,  and  shows  how  those  fi).jurcs  were  obtained.  The  total 
inductance  of  the  circuit  is  5i  x  \Jl%\  —  5.3^7  millihenrys. 


Impedance  of  Circuits.  —  Having  obtained  the  inductance 
of  a  given  line  or  circuit,  by  calculation  or  from  the  table,  the 
reactance  from  (38)  is  2^  f  L,  and  the  impedance  from  (39)  is 
V^  +  (2  vfLf.  The  resistance  R  may  be  found  in  the  table 
on  page  8.  Tables  are  often  given  showing  the  impedance  of 
lines;  but  in  order  to  covTr  the  various  frequencies,  sizes  of  wire, 
iind  distance  apart,  they  become  too  bulky  to  include  in  the 
present  volume. 

Mutual  Inductance  of  Circuits. — ^The  inductive  effect  of  one 
circuit  ujKm  another  separate  circuit  is  called  mutual  inductance 
The  most  familiar  example  in  electrical  engineering  is  to  be  found 
In  the  action  between  the  primary  and  secondary  coils  of  a  trans- 
lormer,  and  will  be  considered  later  under  that  head.  If  two  con- 
ductors run  parallel  to  each  other,  as,  for  example,  two  overhead 
lines  upon  the  same  poles,  an  alternating  current  in  one  tends  to 
induce  an  alternatinj:^  E.M.F.  in  the  other,  the  direction  of  which 
*s  opposite  to  that  of  the  inducing  current.  Qmsequently  two 
Rrallel  alternating  currents  which  are  exactly  in  phase  tend  to 
'Appose  each  other ;  but  if  they  differ  by  180°  in  phase,  that  is, 
''owin  opposite  directions  at  the  same  time,  they  tend  to  aid  each 
•ther.  The  currents  in  two  or  more  parallel  wires  leading  from 
^»^  same  terminal  of  an  alternating  current  source  would  have 
^°out  the  same  phase,  assuming  their  angles  of  lag  to  be  nearly 
^*3^1,  hence  they  tend  to  oppose  each  other.  This  opposition  has 
^^^  effect  of  increasing  the  drops  in  voltage  similar  to  that  due  to 
^'^'induction  ;  in  fact,  the  action  of  these  wires  upon  one  another 
"  practically  the  same  as  that  of  one  element  of  a  wire  upon  the 
"^r  elements,  but  in  the  latter  case  it  is  called  self-induction. 

In  practice,  two  alternating  currents  from  independent  gene- 
^*^s  would  not  be  likely  to  remain  exactly  in  phase,  except  for  a 
^^  seconds  at  a  time,  so  that  their  mutual  induction  upon  each 
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we  find  that  the  impedance, /s  =  12.8  and  the  angle  of  lag  ^  =  38*'40'.    In  it 
other  diagram  (Fig.  U9)  the  conductance  =  o^  =  . 1 00  is  laid  off  homoniaDffc 

represent  the  upper  branch,  and  the  admittance  =  -r  =  -078  is  laid  off  at  anu^ 

^=38'*40'  to  represent  the  lower  branch.     Completing  the  paraUelogram,  it  ii] 

found  that  the  joint  admittance  =  .  —  .188,  so  that  the  joiDt  impaJlaQcey=Si.t(| 

ohms,  and  the  resultant  angle  of  !ag  0=  1(P52'. 

In  Fig.  100  a  coil  A'l  =  10  ohms,  and  L  =  ,01042  henry  is  in  parallel  Trilii  I 
circuit  containing  a  resistance  Ri—  10  ohms  and  a  condenser  having  a  capacity] 
A' =150  microfarad,  what  is  the  joint  impedance  and  angle  of  lag  ♦  for  a 
alternating  current  having  a  frequency  of  127J?    The  impedance  of  the  coil  ill 
found  to  be/i  =  13  ohmSt  and  the  angle  of  lag  ^  =  3y°60i  in  Fig.  101.  and  tk 
impedance  of  the  condenser  circuit  is/a  =  13  ohms,  and  the  angle  of  lcadf»=j 


R.-IO  L-^04£ 


f-tg.   too. 


2=  30°50f  in  Fig.  102.  The  corresponding  admittances,  each  of  which  is  1  -r  M- 
.077,  are  laid  off  in  Fig.  10,3  with  the  same  angles  of  lag  and  lead.     The  joint 

admittance  -^=.117,  so  that  the  joint  impedance  y=8.47  ohms,  and  the  result' 

ant  angle  of  lag  <t>  =  (i,  since  the  lag  of  one  circuit  balances  the  lead  of  tbt 
other.  At  lOO  volts  the  main  conductors  /^  and  G  would  supply  100  ^MT  = 
11.7  amperes.  The  power  factor  is  100  per  cent  (cos^=  1)  so  that  the  true 
power  would  be  100  x  11.7  =  1170  watts.  The  current  in  each  branch  wouM  be 
100 -=-13  =  7.7  amperes,  one  lagging  SO^oC,  and  the  other  leading  3tt*>60',  with 


flt*10 


respect  to  the  impressed  EM.F.  The  fact  that  the  actual  current  supplid 
(=  117  amperes)  is  not  equal  to  the  sum  of  those  in  the  two  branches  (2  x  7.7- 
15.4  amperes)  shows  that  the  discharging  of  one  partly  acts  to  charge  theotbo, 
which  is  always  the  case  when  parallel  circuits  are  not  in  the  same  phase. 

Other  combinations  of  resistance,  inductance,  and  capacity  may  be  treated 
in  a  similar  manner, 
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Substiiutiog.  in  this  expression,  the  value  of  the  distance  between  the  wires 
A  =48  inches^  and  the  diameter  of  each  wire,  d—  .4(5  inch,  we  have 

Z  per  mile  =  (80.5  +  740.3  log  ^||)  10  ~  "  =  .001 7W  henry. 

riiis  is  equal  to  1.7tH»  millihenry,  and  is  the  same  value  as  that  given  in  the  first 
column  of  the  table,  and  shows  how  those  figures  were  obtained.  The  total 
inductaace  of  the  circuit  is  3  x  1.7im  =  5.31H  milliheiurys. 


Impedance  of  Circuits.  - —  Having  obtained  the  inductance 
of  a  given  line  or  circuit,  by  calculation  or  from  the  table,  the 
reactance  from  (38)  is  27r  /  Ly  and  the  impedance  from  (39)  is 
V^ -f  {^litfLf.  The  resistance  R  may  be  found  in  the  table 
on  page  8.  Tables  are  often  given  showing  the  impedance  of 
lines;  but  in  order  to  cover  the  various  frequencies,  sizes  of  wire, 
•uid  distance  apart,  they  become  too  bulky  to  include  m  the 
present  volume. 

Mutual  Inductance  of  Circuits.  —  The  inductive  effect  of  one 
circuit  upon  another  separate  circuit  is  called  mutual   iutluctance. 
iTie  most  familiar  example  in  electrical  engineering  is  to  be  found 
Vnthe  action  between  the  primary  and  secondary  coils  of  a  trans- 
Conner,  and  will  be  considered  later  under  that  head.     If  two  con- 
«i\ictors  run  parallel  to  each  other,  as,  for  example,  two  overhead 
lines  upon  the  same  poles,  an  alternating  current  in  one  tends  to 
induce  an  alternating  E,ALF.  in  the  other,  the  direction  of  which 
is  opposite  to  that  of  the  inducing  current.     Consequently  two 
parallel  alternating  currents  which  are  exactly  in   phase  tend  to 
appose  each  other ;  but  if  they  differ  by  180°  in  phase,  that  is, 
flow  in  opposite  directions  at  the  same  time,  they  tend  to  aid  each 
*>ther.    The  currents  in  two  or  more  parallel  wires  leading  from 
the  same  terminal  of  an  alternating  current  source  would  have 
about  the  same  phase,  assuming  their  angles  of  lag  to  be  nearly 
^qual,  hence  they  tend  to  opjwse  each  other.     This  opposition  has 
^lic  effect  of  increasing  the  drops  in  voltage  similar  to  that  due  to 
s«U-itiduction  ;  in  fact,  the  action  of  these  wires  upon  one  another 
"*  practically  the  same  as  that  of  one  element  of  a  wire  upon  the 
'^thtr  dements,  but  in  the  latter  case  it  is  called  self-induction. 

In  practice,  two  alternating  currents  from  independent  gene- 
rators would  not  be  likely  to  remain  exactly  in  phase,  except  for  a 
^«w  seconds  at  a  time,  so  that  their  mutual  induction  upon  e3.viV\ 
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Synchronous  alternating  current  motors  may  also  be  used  to- 
balance  inductance^  since  they  have  the  effect  of  capacity  in  cau»-j 
ing  the  current  to  lead  when  their  field  magnets  are  over  excited. 
By  regulating  the  field  excitation  the  powt;r-f actor  can  be  raised  lo 
practically  100  per  cent.  The  same  effect  is  produced  by  rotaryB 
converters,  and  will  be  considered  more  fully  later  in  connection 
with  the  polyphase  transmission  and  direct-current  distributioa 
system. 

Means  of  Redticing  Mutual  Inductance.  —  The  simplest  plan  is 
to  increase  the  distance  between  the  conductors,  as  already  stated; 
but  this  is  limited  by  practical  considerations,  such  as  requirements 
for  carrying  the  wires  on  the  same  pole.  In  such  cases  the  effect 
of  mutual  induction  would  be  great  if  the  wires  were  arranged  a& 
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Figa.   104,   105,  and  106.     Arrangement  of  Conductera  to  Heutratlit  tHituetton. 

represented  in  Mg.  10-1,  in  which  A  and  B  indicate  the  wires  of^ 
one  circuit,  and  C  and  D  those  of  another  parallel  circuit.  The 
wire  A  being  very  near  the  corresixjnding  wire  C  of  the  other  cirJ 
cuit,  would  tend  to  set  up  an  opjMsing  K.M.F.  in  it,  and  C  would 
react  u|x>]i  /f  in  a  similar  manner.  The  mutual  induction  of  B 
and  D  would  also  have  the  same  effect.  If,  however,  the  wir. 
are  placed  equidistant,  as  shown  in  Fig.  10r>,  any  one  conductor,  E; 
will  be  acted  upon  equally  by  both  wires,  G  and  //,  of  the  othe] 
circuit,  since  they  are  at  the  same  distance  from  it.  Consequently 
mutual  induction  between  the  two  circuits  is  neutralized.  This  c 
also  be  accomplishetl  by  transposing  the  wires  with  respect  to  each 
other,  at  certain  intervals,  as  shown  in  Fig,  10(i,  in  which  the  ptT- 
tion  N  of  one  wire,  counteracts  the  effect  of  the  part  Q  of  th 
other  wire  of  the  same  circuit.  Consequently  the  inductive  actioi 
upon  the  other  circuit,  JK  and  LAU  is  nil. 
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It  should  be  noted,  however,  that  the  self-induction  of  either 
circuit  is  not  materially  altered  by  these  arrangements,  being  de- 
pendent ujK>n  the  average  distance  between  the  two  wires  of  each 
circuit,  and  not  upon  the  presence  of  the  other  circuit. 

'*Skin  Effect"  is  the  name  given  to  the  phenomenon  accord- 
ing to  which  alternating  currents  tend  to  have  a  greater  density 
near  the  surface  than  they  have  along  the  axis  of  a  conductor.  If 
we  imagine  a  wire  to  be  made  up  of  elementary  filaments  parallel 
to  its  length,  it  is  evident  that  the  central  or  axial  filament  will  be 
sun-ounded  by  a  greater  number  of  magnetic  lines  than  an  element 
at  the  surface,  since  each  filament  tends  to  set  up  lines  around 
itself.  This  fact  produces  no  effect  upon  a  steady  current  after 
it  lias  been  established,  there  being  no  variation  in  the  number  or 
position  of  the  lines.  Mence  a  steady  current  has  a  perfectly  uni- 
^omi  distribution  throughout  the  entire  cross-section  of  a  conductor 
having  a  uniform  specific  resistance. 

In  the  case  of  an  alternating  current,  the  additional  lines  of 
force  that  inclose  the  filaments  near  the  axis  are  reversed  twice 
durmg  each  period^  the  effect  being  to  generate  a  greater  back 
^M,F.  of  self-induction  than  for  the  outer  filaments  of  the  wire. 
Consequently  the  current  density  is  less  near  the  axis  than  it  is 
near  the  surface.  With  high  frequency  and  large  conductors  this 
iftion  may  be  so  great  that  there  is  actually  a  hack  flow  of  current 
*t  ornear  the  axis.  But  with  ordinary  sizes  of  wire  and  frequen- 
cies, the  effect  is  small. 
—  This  "skin  effect"  is  generally  treated  as  an  increased  appar- 
H^&t  resistance  of  a  conductor,  being  called  its  virtual  resistance ; 
^nd  since  it  in^^oh^es  a  larger  drop  in  voltage  and  a  greater  loss  of 
^•^ergy,  it  is  practically  the  same  as  true  resistance. 

In  Fig.  107,  which  shows  graphically  the  values  of  virtual 
resistance,  R^  is  the  apparent  or  virtual  resistance  for  a  given 
alternating  current,  R^  is  the  true  ohmic  resistance  of  a  copper 
inductor  at  20°  C.  («)H°  F.),  A  is  the  area  of  cross-section  of  the 
'^ttcrin  circular  mils,  and /is  the  frequency. 

A  conductor  one  inch  in  diameter  has  a  cross-section  of  one 
million  circular  mils,  so  that  at  a  frequency  of  100,  the  product  of 
^  and  /  is  100,000,000.  Referring  to  Fig.  107,  we  find  that 
^t-i-  Rj  =:  1.21 ;  that  is,  the  virtual  resistance  is  21  per  cent 
Sweater  than  the  true  resistance,  consequently  this  is  too  large  a 
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In  order  to  save  the  trouble  of  calculating  the  inductance  wMt 
various  sizes  of  and  distances  between  wires,  the  following  uble  is 
given  : 

nrsuCTJUios,  or  loxuBiEirRTs  per  icels.  for  each  of  two  parallel 

COPPER  WXRES. 
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Examples. — To  show  Ihe  use  of  the  above  formulas  and  table,  let  it  b« 
required  to  determine  the  inductance  of  an  overhead  line,  14  miles  long,  con- 
sisting of  two  No.  0<XK)  copper  wires,  48  inches  apart.  Since  it  is  a  metallic 
circuit  with  two  conductors,  the  total  inductance  is  due  to  2  x  H  =  3  miles  of 
wire.    From  (54)  the  inductance  per  mile  is 


(Z  =  80.5  + 740  log  =^) 
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trical  conductors,  and  almost  all  cases  will  come  under  one  of  the 
following  heads : 

Case  1.  Insulated  conductor  with  metallic  protection  ;  for  ex- 
ample, an  iron-armored  submarine  cable,  or  a  lead-covered  under- 
ground conductor,  having  the  metallic  sheathing  connected  with 
the  earth,  which  is  the  usual  condition. 

Case  2.    Single  atrial  conductor  with  earth  return. 
Case  3.    Metallic  circuit  consisting  of  two  parallel  aerial  con- 
ductors. 

In  the  following  expressions,  K  is  the  capacity  in  farads,  k  is 
the  dielectric  constant,  D  is  the  internal  diameter  of  the  metallic 
covering,  d  is  the  diameter  of  the  conductor,  h  is  the  height  above 
the  ground  of  an  aerial  wire,  and  A  is  the  interaxial  distance  be- 
tween two  parallel  wires.  In  cases  2  and  3,  the  medium  being  air, 
^  =  1,  and  does  not  appear  in  the  equations.  This  assumes  that 
the  conductors  are  bare  ;  but  if  they  are  covered  with  insulation  of 
ordinary  thickness  it  would  only  slightly  increase  the  capacity,  k 
^'^g  greater  than  1  for  insulating  materials.  The  proximity  of 
other  conductors  may  increase  the  capacity  considerably,  but  their 
effect  is  difficult  to  calculate. 

Casel.   Insulated  con-     ^  ,.     ,  241.5  >&  10-" 

J  •  t^        .  11-       -^P^r  centimeter  = —      _.^ 

ductor  with  metallic         ^  .      D  (59) 

covering.  d 

/T  per  foot  =_-^^^     (60) 


AT  per  mile  = 


38.83  k  10- 


log  5  (61) 

a 

Case  2.    Single  aerial     ^  ,.      ,  241.5  x  10-» 

**.  ,  ,      A  per  centimeter  =  — 

conductor  with  earth  ^  4//         (62) 

return.  °^  ~d 

„        ,    ^       7,361.  X  10-« 
yr  per  foot  =  —^-_^^-_ 

log- 


AT  per  mile  = 


38.83  X  10-» 
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In  order  to  save  the  trouble  of  calculating  the  inductance  wid 
various  sizes  of  and  distances  between  wires,  the  following  tabic  tt  | 
given : 

nniuoTAiros,  en  nxmirENKTs  pek  mtle.  fok  each  of  two  pahatjzi. 

COPPER  WIRES. 
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Examples,  —  To  show  the  use  of  the  above  formulas  and  table,  let  it  be 
required  to  determine  the  inductance  of  an  overhead  line,  IJ  miles  long,  con- 
sisting of  two  No.  iKHMi  copper  wires.  48  inches  apart.  Since  it  is  a  metallic 
circuit  with  two  conductors,  the  total  inductance  is  due  to  2  x  l|  =  3  mil 
wire.    From  (64)  the  inductance  per  mile  is 


(i:=  80.6 +  740  log  ^) 
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cables,  and  would  have  special  advantages  when  it  is  desired  to 
make  the  capacity  as  low  as  possible.  This  question  will  be  con- 
sidered further  imder  the  head  of  insulated  and  underground  con- 
ductors. 

The  reduction  of  capacity  by  dimmishihg  d,  the  diameter  of  the 
conductor,  is  limited  in  practice  by  the  necessity  for  using  a  cer- 
tain size  in  order  to  give  sufficient  current  capacity^  and  not  have 
t*x>  much  resistance.  It  is  also  a  fact  that  it  is  not  practicable  to 
materially  reduce  electrostatic  capacity  by  augmenting  /?,  or  in 
other  words,  by  increasing  the  thickness  of  the  insulation.  Fig. 
108  represents  a  lead-covered  cable,  in  which  d  is  the  diameter  of 


■H 


C>-~ 


fiffj.   \Q.i  and  109.    RedudnS  Capacity  bt/  fncraaatnq  Thichnejia  of  fnautation. 

the  copper  conductor,  and  D  is  the  interna!  diameter  of  the  lead 
^^ering.  If  the  former  is  -^  inch,  and  the  latter  ^  inch,  the  thick- 
ness of  insulation  is  I  inch.  In  Fig.  109  the  thickness  of  insula- 
tion is  twice  as  great,  or  \  inch  ;  so  that  Z?'  becomes  |  inch,  d' 
bcjf»g  i  inch  the  same  as  d.  The  capacity  in  the  two  cases  will 
be  in  the  ratio 

1  ^  ^  1    =3.3:2.1 


1  ^ 

log^ 


log  2   ■    log  3 


at  is,  the  capacity  is  reduced  only  36  per  cent  by  doubling  the 
ihickness  of  insulation.  The  vulume  of  insulation  in  the  two  cases 
would  be  in  the  proportion  {/J'  —  d")  :  (/?'==  =  d*')  =  3:8,  which  is 
aTi  increase  of  267  per  cent,  or  almost  three  times  as  much.  Since 
the  amount  of  insulating  material  affects  directly  the  cost  and  size 
of  the  cable,  it  would  seldom  pay  to  nearly  treble  this  material  in 
order  to  diminish  the  capacity  to  the  extent  of  only  36  per  cent. 
Hence  in  almost  all  cases  the  thickness  of  insulation  is  determined 
^yits  insulating  qualities,  and  strength  to  withstand  breakdown 
'y  electrical  and  mechanical  pressures. 
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In  order  to  save  the  trouble  of  calculating-  the  inductance  with 
various  sizes  of  and  distances  between  wires,  the  following  tabic  u 
given : 

INBtJOTAKCE,  TS  MHJJHENBTS  PEH  JSnm,  FOR  EACTS  OF  TWO  PABALUEX 

OOPPEB  WIRES. 
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2.128 

2.166 

2.203 

2.240 

m 

a,0l!3 

2.06U 

%.mi 

2.1d4 

2.172 

2.210 

2.246 

23« 

mteraxial 

5 

fl 

1 

8 

9 

10 

11 

a 

DbUaee. 

Inches. 

o.iBig 

0.1600 

0.1+W 

n.l285 

0.1144 

0.1010 

0.9074 

ojaon 

3 

L2n« 

1.243 

1,280 

I.3I7 

1  356 

1.392 

1.420 

1.4«7 

fl 

1.4:*9 

1 .415(1 

i.fioa 

1.540 

1.678 

1.615 

1.652 

l.«0 

9 

\.hm 

1.51«l 

l.OM 

1.671 

1.709 

1.746 

1.783 

1.830 

12 

l.dto 

l.tJ89 

1.727 

1.704 

1,801 

1  838 

1.875 

1013 

18 

l.Tttl 

1.820 

1.867 

1.894 

1.931 

1.968 

2.(K»7 

2.044 

24 

1,875 

1.912 

H)40 

1.980 

2.026 

2.001 

2.01W 

S.1JS 

30 

1.1147 

1.984 

2.021 

2.068 

2.097 

2,134 

2,171 

2^nS 

3fl 

2.(105 

2.043 

2.079 

2.117 

2.1.S6 

2.192 

2.229 

2.960 

48 

a.(W)U 

2  \%h 

2  172 

2.209 

2.248 

2.286 

2.:^2 

2.SS0 

m 

2.169 

2.208 

2.245 

2.282 

2.319 

2.366 

2.393 

2.438 

72 

2.2"J« 

2.2tMJ 

2.;)03 

2.340 

2.376 

2.416 

2.462 

248» 

84 

2.277 

2,312 

2.361 

2.;i89 

2-427 

2,404 

2.5f»2 

2  6iO 

96 

2.y21 

2.358 

2.396 

2.43;i 

2.479 

2.507 

2.&I6 

2.;« 

Examples,  —  To  show  the  u.se  of  the  above  formulas  anid  table,  let  it  b< 
required  to  determine  the  inductance  of  an  overhead  line.  U  miles  long,  coo- 
siating  of  two  No.  (MX»0  copper  wires,  48  inches  apart.  Since  it  is  a  metallic 
circuit  with  two  conductors,  the  total  inductance  is  due  to  2  x  n  =  3  miles c^ 
wire.     From  (54)  the  inductance  per  mile  is 


2-4\_-« 


f  Z  =  80.5  +  740  log  ^)lO 


J 


I 
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Substituting,  in  this  expression,  the  value  of  the  distance  between  the  wires 
yl  =  48  inches,  and  the  diameter  of  each  wire,  d—  .4fl  inch,  we  have 

L  per  mile  =  (80.5  +  740.3  log  -^)  10  ~    =  .n017W  henry. 

This  is  equal  to  1.7TO  millihenry,  and  is  the  same  value  as  that  given  in  the  first 
column  of  the  table,  and  shows  how  those  figures  were  obtained.  The  total 
mductance  of  the  circuit  is  a  x  1.7MI)  =  o.3l»7  millihenrys. 


Impedance  of  Circuits.  —  Having  obtained  the  inductance 
of  a  given  line  or  circtiit,  by  calculation  or  from  the  table,  the 
reactance  from  (38)  is  "Iw  f  Z,  and  the  impedance  from  (39)  is 
V/^  4-  (2  irf  L)\  The  resistance  R  may  be  found  in  the  table 
on  page  8.  Tables  are  often  given  showing  the  impedance  of 
lines;  but  in  order  to  cover  the  various  frequencies,  sizes  of  wire, 
and  distance  apart,  they  become  too  bulky  to  include  in  the 
present  volume. 

Mutual  Inductance  of  Circuits.  —  The  inductive  effect  of  one 
circuit  upon  another  sepanitc  circuit  is  calletl  mutual  inductance. 
The  most  familiar  example  in  electrical  engineering  is  to  be  found 
In  the  action  between  the  primary  and  secondary  coils  of  a  trans- 
lormer,  and  will  be  considered  later  under  that  head.  If  two  con- 
ductors run  parallel  to  e;ich  other,  as,  for  example,  two  overhead 
lines  upon  the  same  poles,  an  alternating  current  in  one  tends  to 
induce  an  alternating  Hj\LF,  in  the  other,  the  direction  of  which 
is  opposite  to  that  of  the  inducing  current.  Consequently  two 
parallel  alternating  currents  which  are  exactly  in  phase  tend  to 
oppose  each  other;  but  if  they  differ  by  180°  in  phase,  that  is, 
flow  in  opposite  directions  at  the  same  time,  they  tend  ttj  aid  each 
other.  The  currents  in  two  or  more  parallel  wires  leading  from 
the  same  terminal  of  an  alternating  current  source  would  have 
about  the  same  phase,  assuming  their  angles  of  lag  to  be  nearly 
cqtial,  hence  they  tend  to  opi>ose  each  other.  This  opposition  has 
the  effect  of  increasing  the  drops  in  voltage  similar  to  that  due  to 
self-induction  ;  in  fact,  the  action  of  these  wires  upon  one  another 
is  practically  the  same  as  that  of  one  element  of  a  wire  upon  the 
other  elements,  but  in  the  latter  case  it  is  called  self-induction. 

In  practice,  two  alternating  currents  from  independent  gene- 
rators would  not  be  likely  to  remain  exactly  in  phase,  except  for  a 
few  seconds  at  a  time,  so  that  their  mutual  induction  upon  each 
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another,  the  difference  in  phase  being   90°,   the  maximum 
G  of  the  second  occurrmg  90°  behind  the  maximum  point  /I  of  tie  ] 
first,  and  so  on  for  other  corresponding  points.      If  there  is  on  b^  I 
of  either  current,  the  same  curves  can  be  taken  to  represent  thctvi 
£Jf.F.s,  and  with  the  same  lag  for  both  currents  they  would  ^' 
be  90°  apart  in  phase.     If  the  lags  were  not  equal,  then  the  piusc 
relation  would   be  altered  corresjxmdinijfly.       The  two  £JI.fm\ 


C 
D 


IR 


MI 


Fig.  tJJ.    Two-Pfiaae,  Four-Wire  Circuit. 

currents  might  have  different  maximum  values,  or  different  wa«l 
forms,  but  in  practice  they  are  usually  made  as  nearly  alike  as  pos-' 
sible.  It  is  evident  also  that  the  difference  in  phase  might  be  imde 
anything  between  0°  and  MO'^  [  but  it  is  almost  always  designed  to 
be  90*^,  or  one-quarter  of  a  |x;riod,  and  for  that  reason  is  ottffl 
called  a  quarier-phase  current.  Two-phase  currents  may  be  ga»- 
ratcd  by  two  separate  alternators,  but  in  order  to  preserve  the  pK»e 
relation  it  would  be  necessary  to  have  their  shafts  coupled  or  pes- 


f/gr.  \12.    TwO'PhaMe,  Three- Wire  Circuit. 

lively  connected  together.     In  practice,  a  two-phase  current  is  u$tK ' 
ally  generated  by  two   separate  windings  upon  one  armature,  the, 
machine  having  the  same  general  form  as  a  single-phase  alternate 
The  two  circuits  may  be  kept  entirely  separate,  as  in  Fig.  Ill 
lamps  L  being  connected  to  each,  in  which  case  four  wires 
required.     In  order  to  save  one  wire  it  is  possible  to  use  a  comi»J 
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return  conductor  for  both  circuits,  as  in  Fig.  112,  the  dotted  por- 
tion of  one  wire,  /?,  being  eliminated  by  connecting  across  to  6  at 
Jfand  N.     For  long  lines  this  is  economical,  but  the  interconnec- 
tion of  the  circuits  increases  the  chance  of  trouble  from  grounds 
or  short  circuits.     It  is  also  a  fact  that  the  current  in  the  conductor 
Cwill  be  the  resultant  of  the  two  currents,  dif- 
fering by   90^*  in    phase.      From   the   principle 
shovm  in  Fig.   93,  the  value  of  this  resultant 
is  found  in  Fig.  113   to  h^   OR  ^  *^1  OP  ^ 
1.41  X  OP  the  two-phase  currents  being  repre- 
sented by  the  components  OP  and  OQ  at  right 
angles  to  each  other.      Consequently  the  result- 
ant current  in  C  is  1.41  times  that  flowing  in 
either  ^  or  £"  in  Fig.  112  and  the  cross-section  of  the  wire  C 
should  be  41  per  cent  greater, 

A  three-phase  current  consists  of  three  alternating  currents, 
(Offering  in  phase,  as  indicated  in  Fig.  114.  One  current  is  repre- 
sented by  the  curve  JKL,  another  by  the  curve  AfA'O,  and  the 
tlurdby  the  curve  PQRr  the  maxima  points  _/,  J/,  and  Q  (or  other 


xQ 

fig.   1J3.     Ht»ultant   of 
Tmo-Phaa*  Currents. 


corresponding  points)  being  120'^  apart  in  the  ideal  case,  and  ap- 


ov 
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Fig.   1 14.     Three-FHas0  Currvnta. 

Proximately  so  in  practice.  These  three  currents  might  be  carried 
*1  three  entirely  separate  circuits  requiring  six  wires,  being  analo- 
gous to  the  two-phase,  four-wire  system  in  Fig.  Ill  ;  or  one  com- 
•^on  return  conductor  may  be  used,  thereby  saving  two  wires,  and 
'<^ducing  the  total  number  to  four,  as  shown  in  Fig.  115.  The 
*^ture  windings  and  their  phase  relation  are  represented  dia- 
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grammatically  by  the  coils  MA^  MB^  and  MC,  the  three  main  con> 
ductors  by  AE^  BG^  and  CF^  the  common  conductor  being  indiatoi 
by  the  dotted  line  MN.  The  lamps  /.,  L^  L,  are  connected  acroij 
between  the  common  point  TV  and  the  three  main   conductors. 

If  the  three  circuits  are  balanced  (i.  e.,  have  equal  currents)  ibe 
common  conductor  MN  will  carry  no  current,  and  itiay  be  dt 
pensed  with.     This  is  a  most  interesting  and  important  feature  fl< 


Fi^,  J 16.     Jhru-Pheuu  OirouiU  a/ith  t  Vonntciion. 

the  three-phase  system.  The  simplest  way  to  understand  it  tsw 
consider  that  each  wire  acts  as  the  return  conductor  for  the  other 
two.  In  other  words,  the  algebraic  sum  of  the  three  curroiii 
meeting  at  the  common  point  A^  is  equal  to  zero  ;  consequenth 
Kirchhoffs  law  is  fulfilled.     This  fact  is  shown  in  Fig.  114,  the 

algebraic  sum  of  the  ordinates  of  the 
three  curves  being  equal  to  zero  at  aj»T 
point.  For  example,  at  S/^  the  ordinate 
of  curve  MjVO  is  zero,  and  the  ordinates 
of  the  other  two  are  equal  in  value,  but 
opposite  in  sign.  At  TK  the  sura  of 
the  two  positive  ordinates  of  the  cunts 
MN'  and  PQ  are  equal  to  the  negative 
ordinate  of  the  other  curve  JKL^  b6 
cause  XT  =  sin  30°  =  }  ajid  ^X'A'  =  sin 
90°  =  1,  and  so  on  for  other  pointi 
The  same  principle  is  proved  in  Fig. 
11  tJ,  in  which  a  balanced  three-phase 
current  is  represented  by  three  equal  vectors  at  120**  with  respect 
to  each  other.  Two  of  these  currents,  ^^T'and  Oi^^  are  equivaknt 
to  their  resultant  OR,  which  is  equal  and  opposite  to  the  third  cur* 
rent  OS;  consequently  the  resultant  of  all  three  currents  is  dcwl 
In  the  operation  of  motors  the  three  currents  are  usually  eqvl. 
all  three  wires  being  connected  to  each  machine,  so  that  the  fourth 


Fig.  tte.    Htauttant  Current, 
Thr9»'Finis9. 
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fireifiV,  in  Fig.  115,  is  superfluous  ;  but  for  electric  li^htin^  this 
atraoonductor  is  required,  unless  the  lamps  oa  :he  taree  circuits 
are  Uanced.     If  the  currents  in  the  three  branches  are  not  equal. 


ri§.   117.     Tkrm  ntmm  CtrtmrU  mrtk  A  CwMcf/Mr. 

then  the  wire  MX  carries  the  difference  between  them,  so  that  its 
function  corresponds  closely  with  that  of  the  neutral  conductor  in 
the  ordinary  three-wire  system  described  on  page  TO. 

Another  method  of  connecting  three-phase  circuits  is  shown  in 
Fig.  117,  and  is  called  the  A  (delta)  connection,  the  arrangement  in 
Fig.  116  being  designated  as  the  Y  connection.  In  either  of  these 
OSes  any  lamp  L  is  fed  simply  by 
the  EM.F.  due  to  a  single  arma- 
ture winding,  MA  in  Fig.  115,  or 
QP  in  Fig.  117.  If,  howe\-er,  a 
^p  is  connected  across  the  outer 
tenninals  of  the  Y  circuits,  it  re- 
ceives a  voltage  which  is  the  resul- 
tant of  two  E.M.F.S,  that  are  in 
series,  but  differ  by  120''  in  phase. 
This  is  shown  in  Fig.  118,  DA,  b^- 
^^.and  DC  representing  respec-  "^'  "*" 
tively  the  EM.F.S  of  a  three-phase 
^nnature  winding  with  Y  connection.  Assuming  the  E.M.F.  of 
^h  phase  DC  to  be  100  volts,  then  the  E.M.F.  between  A  and 
^willbe  V3  =  1.73  times  as  great,  or  173  volts. 

Production  of  Rotary  Field  by  Two-Phase  Current.  —  An  iron 
"'^  wound  with  insulated  wire,  as  represented  in  Fig.  119,  is  sup- 
plied with  two-phase  currents  at  the  four  equidistant  points  A,  i?, 
^>  and  /?,  the  two  conductors  of  one  phase  being  connected  at  A 
^  B,  and  those  of  the  other  phase  at  Cand  D,  Considering  only 
^current,  and  assuming  it  to  enter  at  A,  the  direction  of  wind- 
"'gis  such  that  it  will  produce  a  south  pole  at  A,  and  a  north  ix)lc 


Belatio*  Vottag*  of  A  oihT  f 
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at  B^  so  that  a  compass  needle  placed  inside  the  ring  would  tend 
to  point  vertically  upward  as  indicated  by  the   dotted  arrow.    This 

condition  is  represented  at  l^iii 
Fig.  120,  the  current  L  MS 
having  its  maximum  positi\t 
value,  and  the  other  currcDt, 
P  Q  Rj  being  zero  at  that  in- 
stant, A  moment  later,  the  fint  • 
current  has  decreased  somewhat, 
and  the  other  has  increased,  so 
that  they  are  equal.  In  tlm 
case,  each  will  tend  to  produce 
a  south  pole  where  it  enters  the 
ring,  at  A  and  I?  respectively, 
so  that  a  resultant  polarit)'  iJ 
produced  midway  between,  as 
shown  at  2  by  the  arrow  inclined  at  45°.  The  next  instant,  at 
90°,  the  current  L  M  has  fallen  to  zero,  and  the  current  /*  {?  has 
reached  its  maximum,  so  that  the  arrow  takes  a  horizontal  position, 
as  represented  at  3.  Again  at  13-5^,  the  current  L  M  has  rex^ersed, 
tending  to  make  a  south  pole  at  the  bottom  of  the  ring,  ajid  the 
needle  will  incline  downward  at  an  angle  of  40**,  as  shown  at  \ 


Fig.  716.    mng  Supftfhd  with 
TwQ-Ptiate  Current 


Fig.  120.    Uagnettc  fteauttantt  rfu*  to  Tmo-PHaf  Currtnt. 

By  following  the  successive  conditions,  the  needle  will  be  found  to 
take  the  various  positions  represented  at  5,  fi,  7,  8,  and  finally  at 
9,  it  returns  to  its  original  vertical  direction,  the  current  having 
completed  one  period.  Thus  the  needle  tends  tn  be  carried  around 
continuously  by  the  shifting  resultant  field,  so  long  as  the  ringj 
supplied  with  two-phase  currents. 
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Principle  of  Polyphase  Motors.  —  It  is  this  capability  of  produ- 
cing continuous  rotation  that  gives  the  polyphase  currents  their 
interest  and  value,  since  it  enables  motors  to  be  (ipLTated  very  suc- 
cessfully.    The  ring  with  the  magnetic  needle,  in   Fig.  119,  illus- 
trates the  principle  of  the  synchronous  polyphase  motor,  since  the 
armature  revolves  in   exact   synchronism  with   the  phases   of  the 
currents.     If  the  needle  is  replaced  by  a  cylinder  i.>f  laminated  iron 
^•'lund  with  conductors,  like  an  ordinary  armature,  except  that  they 
are  short-circuited,  it  is  found  that  it  will  re\  olve  also ;  but  in  this 
ca^e  the  speed  is  a  little  less  than  that  of  a  synchronous  armature, 
the  difference  being  called  the  j///,  usually  amounting  to  from  1  to 
5  per  cent.     This  slip  represents  a  relative  motion  of  the  rotating 
field,  with  respect  to  the  armature  conductors ;   consequently  the 
latter  are  cut  by  the  lines  of  force,  thereby  inducing  currents  in 
them.     It  is  the  action  of  the  field  upon  these  induced   currents 
^ivKich  causes  the  armature  to  revolve,  this  type  being  called  the 
^n^luction  motor.     It  is  a  remarkable  fact  that  no  current  is  sup- 
plied to  the  moving  part,  so  that  it  need  have  no  electrical  connec- 
tions made  to  it  except  for  purposes  uf  starting  and  regulation. 
I  In  some  cases  the  construction  is 

Tnodified  so  that  the  part  in  which  the 
CAjnents  are  induced  revolves,  and  the 
otHer  part  is   stationary.       For  this 
Teason,   and    because   no   energy    is 
supplied  directly  to  the  so-called  arma- 
^'^J'e,  it  is  considered  more  cnrrect  to 
distinguish  the  two   elements  of   an 
induction  motor  as  rotor  and  stator, 
'^r  primary  and  secondary. 

The  Action  of  Three-Phase  Currents 
^^  producing  a  rotar)'  field  is  quite 
^•niilar  to   that    described    for   two- 

pHase  currents.  The  ring  in  Fig.  121  is  wovind  as  before,  but 
^e  current  is  led  in  at  three  equidistant  points,  //,  }',  and  Z, 
instead  of  at  four  points.  Taking  the  instant  when  the  current 
"'>wiug  in  at  //  is  a  maximum,  two  currents  flow  out  at  Kand  Z, 
*^h  having  one-half  the  value  of  the  current  entering  at  H.  This^ 
^c^ds  to  produce  a  south  pole  at  H,  and  two  north  poles  at  Y  and 
^  respectively.     The  resultant  due  to  the  latter  is  a  south  pole  at 


FiQ.  121.    ffina  SupfUhd  m(th 
Jhrtt-PHof  Currtnt. 
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T,  midway  between    V  and  Z,   consequently   a   magnetic  needle 
would  take  the  position  shown  by  the  dotted  arrow.      (This  coniii. 
tion  is  represented  at  O'*  in  Fig.  114.)     A  moment   later  (ai60^ii 
Fig.  114)  currents  enter  at  both  //andZ,  and  a  maximum  current  I 
flows  out  at  }",  hence  the  needle  would  point  toward  K     At  the 
end  of  another  one-si.v'th  of  a  period  (at  120°  in   Fig.   114),  tkj 
maximum  current  will  enter  at  Z,  and  the  needle  would  turn  m 
that  point,  and  so  on  until  it  had  made  a  complete  revolution  iuooc 
peri(xl  of  the  alternating  current. 

Actual  Forms  of  Polyphase  Motors.  —  The  synchronous  t^-pe  oi 
polyphase  motor  is  similar  in  principle  and  construction  to  the  cor- 
responding generator,  in  fact,  two  identical  machines  may  be  usel 
one  as  generator  and  the  other  as  motor,  the  same  being  trueoi 
single-phase  alternating,  as  well  as  direct -current  machines.  In  aD 
these  cases  the  field  magnets  must  be  supplied  with  direct  current 
either  from  a  separate  exciter  or  from  the  machine  itself,  whicK 
if  it  is  an  alternator,  must  be  provided  with  a  commutating  device 
for  that  purpose. 

The  advantage  of  the  polyphase  over  the  single-phase  synchro 
nous  motor  is  the  fact  that  the  former  is  self -starting,  owing  to  the 
fact  that  it  exerts  some  rotary  effort  even  when  standing  still.  In 
this  case  it  acts  as  an  induction  motor,  the  armature  being  supplied 
with  polyphase  current,  but  the  field  circuit  is  left  open  until  syn- 
chronous speed  is  reached.  On  the  other  hand,  the  single-phase 
motor  has  no  starting  torque,  and  has  to  be  provided  with  some 
special  device  in  order  to  bring  it  up  to  synchronism. 

The  practical  forms  of  induction  motor  are  self -starting  with 
considerable  torque,  but  they  are  generally  arranged  with  some 
means  for  introducing  resistance  into  the  secondary  circuit,  ifl 
order  to  give  them  full  torque  when  starting,  and  to  prevent  a 
great  rush  of  current  at  that  time. 
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A  TRANSFORMER  consists  essentially  of  two  separate  coils  of 
insulated  wire  wound  or  placed  upon  an  iron  core.     One  of  these 
coOs,  called  the  printary^  receives  alternating  current  from  some 
source  ;  and  the  other  coil,  called  \\\t  secondary,  deli\'urs  alternating 
current  to  any  circuit  that  may  be  connected  to  its  terminals.    The 
action  depends  upon  the  physical  principle  that  an  alternating  cur- 
rent sets  up  an  alternating  magnetic  flux  which  tends  to  induce  an 
alternating  E.ALF,  in   a  conductor  that  encloses  the  flux.     The 
/unction  of  a  transformer  is  to  convert  electrical  energy  at  one 
Voltage  into  electrical  energy  at  another  voltage. 

For  example,  a  transformer  is  supplied  with  an  alternating  cur- 
rent of  1000  volts  and  10  amperes,  and  it  delivers  a  current  of  100 
Volts  and  about  97  amperes.  The  input  is  10  k.  w.,  and  the  output 
is  about  9.7  k.w.,  since  there  are  losses  amounting  to  about  3  per 
cent ;  that  is,  the  eflRcicncy  is  97  per  cent.  In  most  cases  trans- 
formers are  used  to  reduce  a  high-voltage  supply  of  energy  into 
low-voltage  energy  that  is  safe  and  convenient  for  operating  lamps, 
motors,  and  other  devices.  Sometimes  they  are  employed  to  raise 
tYie  pressure  in  order  to  transmit  energy  economically  over  long 


fig,  122.    SfmpU  Transformtr  Ctreuti. 


^es.  The  former  are  called  step-down  and  the  latter  step-up 
^Tansformers.  For  the  sake  of  simplicity,  a  transformer  is  often 
'"epresented  as  consisting  of  a  ring  of  iron,  CH,  in  Fig.  122,  with 
*  primary  coil,  P^  and  a  secondary  coil,  S,  wound  upon  it.     In  the 


i 


step-down  type,  which  is  far  more  common,  the  primary,  P,  is 
composed  of  many  turns  of  fine  wire,  being  connected  to  the  high- 
voltage  supply  conductors  D  and  E,  leading  from  the  alternator, 
A:  and  the  secondary,  5,  consists  of  comparatively  few  turns  of 
large  wire,  to  which  the  local  or  secondary  circuit,  FG,  and  lamps, 
Z,  are  connected.  The  ratio  of  voltages  of  the  two  coils  is  sub- 
stantially the  same  as  the  ratio  of  the  number  of  turns  of  wire  that 
they  contain. 

Construction  of  Transformers.  —  In  practice  the  arrangement 
represented  in  Fig.  122  woukl  not  be  satisfactory  for  supjilyinj^ 
constant  potential  to  lamps,  etc.,  because  the  fiux  produced  by  the  ■ 
primary  /'  would  not  all  pass  through  the  secondary  S,  the  mag-  | 
netic  leakage  across  from  C  to  N  being  considerable,  esp>ecially 
when  the  current  in  the  secondary  circuit  is  large. 

To  avoid  this  magnetic  leakage,  the 
primary  and  secondary  coils  are  placed 
close  together,  in  many  cases  being 
wound  one  upon  the  other,  as  in  Fig. 
123,  which  shows  the  core  and  coils  of 
a  small  General  Electric  type  F  trans-  ■ 
former.  In  other  forms  the  C(>ils  are 
subdivided  and  placed  side  by  side  alter- 
nately,  as  in  Fig.  124,  which  illustrates 
a  Westinghouse  25  k.w.  transformer 
with  the  casing  removed. 

In  tht-'se  and  other  types  of  constant 
potential  transformers  the  object  is  to 
reduce  the  magnetic  leakage  to  a  mini- 
mum, by  so  arranging  the  coils  and  magnetic  circuit  that  practically 
all  the  flux  ])roduced  by  the  primary  must  pass  through  the  second- 
ary. This  condition  is  in  conflict  with  the  necessity  for  very  high 
insulation  between  the  primary  and  secondary  coils  to  prevent  the 
dangerous  high-vohage  current  from  breaking  through  to  the  low- 
voltage  circuit.  To  avoid  magnetic  leakage,  the  coils  are  closely 
sandwiched  together ;  but  to  give  the  best  insulation  they  should 
be  separated.  The  insulation  is  obtained^  however,  by  completely 
covering  each  coil  with  several  spiral  windings  of  tape  and  mica- 
cloth,  as  represented  in  Figs.  123  and  125.  Sheets  of  fibre,  mica- 
cloth,  etc.,  are  also  placed  between  the  coOs,  in  addition  to  which 


Fig.  723.      Transformer  tulth 

Superposed  Colli. 
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Special  means  are  generally  provided  to  avoid  trouble  through  fail- 
ure of  insulation.  These  will  be  discussed  under  the  head  of 
Transformer  Protective  Devices. 

The  coils  themselves  consist  of  ordinary  cotton-coveret!  round 
or  flat  copper  wire.  These  are  wound  and  insulated  separately  ; 
the  proper    number    and 

arrangement    of     primary 

and   secondary    coils    are 

then  assembled,  being  held 

in  position    by  a  suitable 

frame  or    support.       The 

strips  of  thin  sheet  iron  (8 

to  15  inils  =  :008  to  .015 

inch  thick)  which  form  the 

core  are  next  placed  around 

the  coils  as  illustrated  in 

%  125.     One  method  of 

building   up    the    core    is 

sbtmii  in  Fig.  12(j,   being 

tHe  plan  followed    by  the 

Genera]  Electric  Company 

in  the  larger  type  H  trans- 

fonncrs.       Two    different 

sizes  of  strips,  A  and  B,  are 

used,  one  being  longer  than 

tl^e  other.       A    layer   of 

these  is  laid   (Fig.   126); 

tiien  the  next  layer  is  placed 

80  that  it  breaks  joints  with 

tl»e  first,   as  indicated    by 

tJie  dotted  lines ;  and  so  on 

until  the  core  is  completed, 

t^e  coils  shown  in  section 

at  CC  being  entirely  surrounded  by  iron,  which  forms  two  closed 

fnagnetic  circuits.     The  small  round  holes  in  the  iron  strips  are 

slipped  over   vertical   bolts,  which  serve  to  locate  and  hold  them 

in  place.     A   core  of  the   form   illustrated  in    Fig.   123  is  gen^ 

erally   made   of  sheet  iron  punched  out   in    the   shape  shown  in 

Piff.  127.     Each   layer  consists  of  a  single  piece;  but  it  is  cut 


li 


^ 


F\g,  124.    Trantformar  wfth  Casing  ftemoved. 


through  at  L  and  M^  forming  a  tongue,  T^  which  is  sufficiently 
flexihle  to  be  put  through  the  coils  (Fig.  123).  The  next  piece  is 
placed  in  the  opposite  direction,  as  indicated  by  dotted  lines,  in 
order  to  distribute  the  joints  in  the  magnetic  circuit. 


I 

I 

•a 

51 


For  actual  use  a  transformer  is  enclosed  in  a  cast  or  \vTought 
iron  case  to  protect  it  from  mechanical  injury  and  dampness.  In 
many  instances  tWs  case  is  filled  with  oil  to  facilitate  the  dissipar 
tion  of  heat  and  to  improve  the  insulation.     The  Stanley  trans- 
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ormer  (sizes  2  to  10  k.  w.)  for  out-door  use,  having  hanger  irons 
ih  hooks  to  fit  over  cross-arms  on  poles,  is  shown  in  Fig.  128. 
Copper  Loss  in  Transformers.  —  This    quantity  is  simply   the 

heating    or    PR    loss 

which   always   occurs 

whenever   any    current, 

/,  flows  through  a  resis- 
tance, R,     If  /'  is  the 

primary,  and  /"  the 
secondary  current,  R* 
and  R"  being  the  re- 
spective resistances  of 
tile  primary  and  secon- 
dary coils,  then  the  total 

copper  loss,  W^  in  watts  is  : 
^  w.  =  n  R'  +  /'"  R'\ 

P  trai 
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Fig.  126.    Tranaformtr  Gait. 


Calling  IV^,  the  primary  input  in  watts,  we  have 


Percentage  of  copper  loss  = 


W„ 


(69) 


(69tf) 


F\q.  127.     Tranaformtr  Cotl. 


From  (69)  it  is  seen  that  this  loss  varies  as  tlie  square  of  the 
load  in  amperes.  Its  exact  value  depends  upon  the  design  of  the 
tra.n sformer  and  working  conditions  ;  but  in  most  commercial  types 
at  f  vill  load  it  is  about  3  per  cent  for  1  k.  w.,  and  about  1  per  cent 

for  100  k.  w.  capacity.     In  a  very 
large  General  Electric  transformer 
having  1875  k.  w.  output,  used  at 
Niagara,  the  copper  loss  is  a  little 
less  than  ^  per  cent.*     It  is  also 
evident  from  (*>9)  that  the  copper 
loss  increases  with  the  resistance; 
and   since  the   latter    is    greater 
l^th  higher  temperature,  the  loss  is  larger  when  the  transformer 
r becomes  heated  by  the  current  or  in  any  other  way.     The  maxi- 
"lum  allowable  rise    in  temperature  is  50°  C.  above  that  of  the 
surrounding  air    (Amer.    Inst.   Elcc.  Eng.    Standard)  ;   and    since 
^^^  resistance  is  increased  about   .4  per  cent  for  each  degree,  the 
f^istance  and    copper   loss    are  about    60  x  .004  ™  20  per  cent 
ELcirnal  World  and  Enginur,  Nov.  18,  1890. 
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This  point  will  be  amsidc: 


higher  at  maximum  temperature. 
more  fuUy  later  under  Regulation. 

The  copper  loss  injuriously  affects  the  action  of  transfanscn 
three  ways : 

^l.  Copper  loss  reduces  the  efficiency. 
2.  Copper  loss  produces  heat  that  may  injure  the  insulation. 
b.  Copper  loss  interferes  with  the  regulation  of  constat  v^ 
tential  transformers. 


Kach    of   the 
effects  will  be  cor- 
ered    specially  u: 
the    respective  hi 
ings,     —    effi  " 
heating,    and 
tion. 

Iron  orCoreLosKi 
in  Transformers.  — 
These  are  due  to  hyv 
teresis  and  eddyco^ 
rents  in  the  core,  and 
are  quite  similar  to 
the  core  losses  in  t 
generator  or  rootat. 
They  differ  from  the 
copper  losses  in  tbe 
fact  that  they  are 
nearly  constant  for  all 
loads,  whereas  we 
have  just  seen  that  the  latter  vary  as  the  square  of  load.  These 
statements  apply  to  constant  potential  transformers,  these  bdng 
by  far  the  most  common.  The  case  is  exactly  the  reverse  for  the 
constant  current  type,  in  which  the  copper  loss  in  the  secondary  is 
constant,  and  the  iron  loss  varies  with  the  load.  In  most  practical 
types  of  transformer  the  iron  losses  are  about  equal  to  the  copper 
losses  at  full  load.  This  is  not  a  necessary  condition,  it  being  ao 
easy  matter  to  design  a  transformer  in  which  the  iron  losses  aic 
much  ^eater  than  the  copper  losses,  or  vice  versa.  In  fact,  they 
are  mutually  related,  so  that  increasing  one  tends  to  decrease  the 
other. 


Flq.  128.    Tranafarmtr  for  Out-ttoor  Ua*. 


For  general  use  it  has  been  found  best  to  make  the  two  losses 
approximately  equal ;  but  for  special  cases,  where  constancy  of 
voltage  is  important,  or  where  transformers  operate  with  consider- 
able load  most  of  the  time,  the  copper  loss  may  be  reduced  at  the 
sacrifice  of  increased  iron  loss.  If,  however,  constant  voltage  is 
not  important,  and  a  transformer  is  likely  to  run  at  light  luads  a 
great  part  of  the  time,  then  the  iron  loss  should  be  diminished  at 
the  expense  of  the  copper  loss.  Ordinarily  these  differences  require 
transformers  to  be  specially  designed  for  the  purpose  ;  but  varia- 
tions in  frequency,  voltage,  or  other  conditions  will  alter  the 
relation  between  the  two  losses. 
K         The  hysteresis  loss  in  watts,   Wh^  is: 

^K  W,  =  1?  VfB'\  (70) 

■  In  this  expression,   V  is  the  volume  of  the  iron  core  in  cubic 

■  centimeters,/"  is  the  frequency  in  cycles  per  second,  B  is  the  maxi- 
mum flux  density  in  lines  per  square  centimeter,  and  ij  is  a  constant 
depending  upon  the  quality  of  the  iron.  For  high-grade  annealed 
sheet  iron  suitable  for  transformer  and  armature  cores,  the  value  of 
1?  is  usually  between  2  x  10"^"  and  3  x  lO"*".  In  calcvdations  where 
the  exact  value  is  not  knowTi,  an  average  value  of  2.5  x  10-*"  may 
be  assumed.  The  ordinary  values  of  B^  the  maximum  flux  density, 
for  \'arious  sizes  of  transformer  and  frequencies  are  given  on  page 
157. 

Ageing  of  Transformer  Iron.     About  1894  attention  was  called 
to  the  fact  that  the  iron  cores  of  transformers  became  changed 
sfter  being  used  for  sume  time,  the  hysteresis  loss  increasing  con- 
siderably.    Investigatifms  showed  that  the  core  loss  of  some  com- 
mercial t}'pes  of  transformers  rose  to  two  or  more  times  the  initial 
value  after  a  few  months'  operation.     It  was  found  that  this  was" 
<lue  \\\  heat,  the  same  effect  being  produced  by  heating  the  iron 
'n  any  other  way.     This  phenomenon  depends  upon  the  mechani- 
^'^  ind  chemical  character  of  the  iron,  but  the  exact  effect  of  the 
different  impurities  has  been  found  to  be  difficult  to  determine.    By 
•^^perience  and  the  exercise  of  great  care,  manufacturers  have  been 
^le  to  avoid  this  increase  of  hysteresis  loss,  so  that  transformers 
i^a^e  at  present  have  very  little  more  core  loss  after  long  periods 
Q^  use.     Professor  W.  E.  Goldsborough  has  given  *  the  results  of 

•  Paper  before  National  Electrical  Light  Association,  May,  IWftO. 
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tests  made  on  several  of  the  most  prominent  types  of  transfomr, 
and  these  show  that  the  core  loss  remained  practically  constinl  k 
800  hours  at  full  load.  These  tests  were  made  in  a  room  wboi  1 
the  temperature  was  about  25*'  C,  and  the  full  load  was  appiiri| 
for  ten  and  a  half  hours  a  day.  This  is  fully  as  severe  as  ord 
practical  service  ;  nevertheless>  the  temperature  of  the  cores  < 
exceed  75°  C,  allowing  the  standard  rise  of  50°  C,  Up  totii$| 
point  it  is  found  that  the  ageing  effect  does  not  occur;  butabo«t| 
80°  it  begins,  and  at  100°  it  becomes  considerable,  increasing  witi | 
the  temperature  up  to  about  200°,  beyond  which  it  falls  again. 

The  conclusion  is,  that  transformer  cores  should  not  be  nnj 
even  for  a  short  time,  at  temperatures  exceeding  80**  C.  At  fnfij 
load  the  allowable  rise  is  60°  C. ;  hence  the  room  temperature  mia] 
not  be  greater  than  30°  C,  or  86°  F.  On  the  other  hand,  inver 
hot  weather,  or  in  an  engine-room  where  the  temperature  maybe] 
10  or  20  degrees  higher  than  this,  transformers  should  not  bennl 
at  full-load,  or  may  be  operated  for  shorter  periods  of  time,  sotwi 
they  do  not  attain  maximum  temperature.  This  matter  is  sufi-j 
ciently  imix>rtant  to  demand  attention,  and  every  one  installing  cf  1 
using  transformers  should  guard  against  the  possibility  of  the  cow] 
temperature  rising  above  the  point  at  which  ageing  begins.  Thii ' 
limit  may  be  ascertained  from  the  makers. 

The  eddy  or  Foucault  current  loss  in  the  core  in  watts,  W'^,  is 

In  this  expression  t  is  the  thickness  of  the  laminations  in 
meters  ;  K, /,  and  B  have  the  same  significance  as  in  (70),  and  H 
is  a  constant  depending  upon  the  specific  resistance  of  the  irocj 
In  the  iron  ordinarily  used  the  value  of  b  is  about  1.6  X  10"". 

In  a  paper  read  before  the  American  Institute  of  Electnal 
Engineers,  May,  1900,  Mr.  Fitzhugh  Townsend  claims  that  tht 
eddy  current  loss  is  proportional  to  5^*  instead  of  B^. 

This  equation  assumes  that  the  sheets  of  iron  forming  the  core 
are  properly  insulated  from  each  other,  otherwise  the  loss  is  greater. 
because  the  eddy  currents  flow  from  one  sheet  to  another  as  if  tbe 
core  were  a  solid  mass  of  iron. 

Since  the  eddy  current  loss  in  (71)  varies  as  /*,  the  square  d 
the  thickness  of  the  iron  plates,  it  may  be  reduced  to  a  very  smi3 
value  by  making  them  very  thin.     On  the  other  hand,  the  insul*- 
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tion  and  unavoidable  space  between  the  plates  is  about  2  mils»  so 
that  in  practice  a  thickness  of  10  to  15  mils  is  generally  adopted 
in  order  that  the  proportion  of  iron  in  the  total  volume  of  the  core 
shall  be  high.  Assuming  an  ordinary  thickness  of  12  mils  for 
the  plates  and  a  distance  between  them  of  2  mils,  the  actual  iron 

12 
in  the  core  is  ^.-^  ,  ^y  —  -86  of  the  total  volume.  With  these  rela- 
tions the  eddy  current  loss  constitutes  about  20  per  cent  of  the 
core  loss,  the  hysteresis  loss  making  up  the  remaining  80  per  cent. 
In  some  cases  the  thickness  of  plates  is  reduced  to  7  or  8  mils,  so 
that  the  eddy  current  loss  is  only  8  or  10  per  cent  of  the  core  loss ; 
but  this  tends  to  increase  the  volume  of  the  core  as  well  as  the 
weight  of  copper,  and  involves  more  lalx^r  in  construction,  hence 
the  final  gain  is  doubtful. 

The  permissible  rise  in  temperature  being  50°  C,  the  resistance 

of  the  iron  core  increases  about  20  per  cent  after  a  long  run  at  full 

load,  hence  the  eddy  current  loss  is  reduced  in  the  proportion  1*20: 

100,  or  in  other  words  it  is  about  17  per  cent  less.     But  the  eddy 

current  loss  is  only  about  20  per  cent  of  the  iron  loss,  so  that  the 

latter  is  reduced  3  or  4  per  cent  at  full    working   temperature, 

hysteresis  being  constant. 

Flux  Densities  in  Transformer  Cores.      The  hysteresis   loss 

varies  as  ^°  in  (70)  and  the  eddy  current  loss  as  B*  in  (71)  or 

B'*,  in  which  B  is  the  flux  density,  consequently  the  latter  is  kept 

at  a  low  value  in  Iransformers  in  order  that  the  core  loss  shall  be 

small.     Different  designers  adopt  various  densities,  average  figures 

being  given  in  the  following  table. 


ORDIKARir  FLUX  DENBITTES  IK  TRAKaFORMER  CORES. 

UAXIMilM    LINES    I'KR    SC^L'ARIS    LeNTlMHTaR. 


Frequency. 

1  toSk.w. 

10  to  25  k.  w. 

lCIOla5O0k.w. 

26 

7500 

ftsoo 

hrm 

40 

6600 

65<:»o 

45<>0 

00 

6000 

4500 

4000 

\m 

4000 

3600 

3000 

iiio 

3f>00 

3(>00 

2r>oo 

The  density  is  decreased  with  higher  frequency  in  order  to 
''^^pthe  iron  losses  in  (70)  and  (71)  nearly  the  same  for  a  given 
^'olume  of    core.     These   densities    are   much   lower   than    those 
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allowed  in  the  armature  cores  of  generators  and  motors  which  are 
often  as  high  as  15,000  or  10,000  hnes  per  square  centimeter.  The 
reason  for  this  is  the  higher  efficiency  of  97  or  98  per  cent  which 
is  expected  of  transformers  compared  with  92  to  94  per  cent  for 
machines.  The  former  often  operate  for  long  periods  at  very  light 
load,  while  generators  usually  have  one-half  to  full  load  while  they 
are  running,  consequently  the  cttnstant  core  loss  is  a  more  serious 
matter  in  transformers. 

Exciting  Current.  When  the  secondary  circuit  of  a  transformer  fl 
is  open  and  the  primary  circuit  is  closed,  a  certain  current  flows  in 
the  latter.  This  is  called  the  exciting  cmrenty  being  also  known 
as  the  leakage  current^  open-circjtit  current^  and  magtwtizing  current,  ■ 
It  consists  of  twi)  components,  one  of  which  supplies  the  energy  to 
make  u]>  the  transformer  losses,  and  the  other  jiroduces  the  mag- 
netization of  the  core.  The  former  represents  true  power  in  watts 
being  practically  equal  to  the  iron  losses,  and  the  latter  is  apparent 
j[>ower  being  wattless.  The  total  value  of  the  exciting  current  de- 
pends upon  the  design  and  size  of  the  transformer,  but  is  ordina- 
rily about  5  per  cent  for  1  k.  w.,  and  about  2  to  1  per  cent  in. 
sizes  of  2*5  to  100  k.  w.  or  larger. 

The  poivcr  fudor  of  the  exciting  current  at  no  load  differs  con. — 
siderably  in  the  various  types,  but  is  usually  about   70  per  cent:  _ 
Since  this  is  equal  to  the  cosine  of  the  angle  of  lag,  it  follows  lha^"«: 
the  no-load  primary  current  lags  about   45°  with    respect  to  th«^ 
primary  impressed  E.M.F.     It  is  evident  also  that  the  energy  conra.- 
ponent  of  the  current  is  about  equal  to  the  magnetizing  compo- 
nent.    When  a  transformer  is  loaded  even  slightly,  for  CAample,  t:*J 
one-tenth  of   its  normal   capacity,  the  power  factor  rises  to  vcr3' 
nearly  100  per  cent,  and  the  primary  current  is  practically  in  pha&« 
with  the  primary  impressed  E.M.F.,  provided  the  load  is  non-induc- 
tive, which  is  usually  the  case  in  electric  lighting.      If,  however. 
induction  motors  or  other  forms  f)f  inductive  load  are  present,  the 
power  factor  will  be  less  than  100  per  cent,  and  the  current  will 
lag  behind  the  E.M.F.  as  in  any  alternating-airrent  circuit. 

The  above  statements  apply  to  transformers  having  clostd 
magnetic  circuits.  In  the  so-called  "hedgehog"  type  with  oj^cn 
magnetic  circuit  consisting  of  a  simple  straight  core,  the  no-Ioa<l 
exciting  current  is  about  ten  times  as  great,  being  more  than  one- 
half  of  the  full  load  value  in  a  3  k.  w.  size,  with  a  power  factor 


TJlANSI-OfiMERS. 


159 


[only  .063,  which  is  also  about  une-tenth  as  much  as  for  closed  mag- 
luetic  circuit.*     On  account  of  its  low-power  factor  this  large  excit- 
ing current  does  not  involve  directly  any  greater  loss  of  i»wer  in 
true  watts.     But  it  uses  up  the  current  capacity  of  the  generators, 
lilies,  etc.;  the  heating  effect  and  drop  for  a  wattless  current  being 
the  same   as    for  any  other  current   having  the    same    value   in 
amperes.       Furthermore,  it  reacts  injuriously  upon  the  regulation 
of  generators  and  transformers,  greatly  increasing  their  drop  in 
volts.      For  these  reasons  the   closed  magnetic  circuit   has  been 
adripted  almost  universally.     In  fact,  the  greatest  care  is  exercised 
m  making  the  magnetic  circuit  as  complete  as  possible,  the  effect 
of  joints  being  reduced  to  a  minimum,  which  also  reduces  magnetic 
leakage,  as  explained  on  page  150. 

To  prevent  the  flow  of  this  exciting  current,  magnetic  cut-outs 
have  been  devised  to  open  the  primary  circuit  automatically  when 
the  secondary  circuit  is  open.  It  is  objectionable,  however,  to 
open  and  close  the  primary  (high  voltage)  circuit  whenever  the 
load  is  thrown  off  or  on,  so  that  this  arrangement  is  seldom  used 
•n  practice.  Another  plan  is  to  open  the  primary  lines  at  the 
station  during  the  hours  that  the  current  is  not  required.  This  is 
customarj'  in  smaller  systems,  and  is  possible  on  certain  circuits  of 
large  systems,  but  it  cannot  be  applied  generally  in  important 
plants. 

Efficiency  of  Transformers.  The  efficiency  of  a  transformer  is 
^he  ratio  of  the  watts  output  W,  measured  at  the  secondary  ter- 
"iitials  to  the  watts  input  measured  at  the  primary  terminals  W^. 
Since  the  losses  occurring  in  a  transformer  are:  W\  the  copper  loss 
from  (69),  VW  the  hysteresis  loss  from  (70),  and  IV^  the  eddy  cur- 
I'tni  loss  from  (71),  it  follows  that  the  output  is  equal  to  the  input 
^us  these  losses,  hence 


Efficiency  =  -^  = 


IV„ 


The  efficiency  is  very  high  for  transformers  made  by  the  best 
^Manufacturers,  being  about  98  per  cent  at  full  load  for  sizes  of  25 
^.w.  or  larger,  and  94  or  95  per  cent  at  one-quarter  load.  This 
's higher  than  the  efficiency  nf  almost  any  other  practical  appara- 
H  nevertheless  it  is  found  that  the  aggregate  losses  are  large,  and 
lomi  a  heavy  item  in  the  cost  of  alternating-current  supply,  because 

•  Tk«  Alitrnate  Current  Transformer  by  J.  A.  Flernirg,  London,  \ftft<4,  'p.  fsftl. 
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transformers   run  for  a  large  part  of   the  time   with  small  ka^, 
especially  in  electric  lightning. 

Calculation  of  Transformer  Efficiencies.     Knowing  the 
copper  losses  at  any  given  luad,  it  is  a  simple  matter  to  calc 
these  losses  and  consequently  the  efficiency  at   other  loads.    Fa] 
example,  a  10  k.  w.  constant-potential    transformer   at  full  raid 
load  and  temperature  has  a  copper  loss  of    .16    k.  w.  or  1,6  per 
cent,  the  iron  loss  being  the  same.     Since  transformers  and  racst 
other  apparatus  are  rated  by  their  output,  the  efficiency  would  be 

output  10  no  ft 

~ V  ^  H/>  I    1^  .    ifi  =  ^^-^  P^*"  cent. 

input        10 +.16 +  .16  ^ 

At  three-quarters  load  the  output  is  7.5  k.  w.,  the  iron  loss  is] 
the  same  as  before,  being  practically  constant  ;  the  copper  is  pr!>-| 

portional  to  the  square  of  the  load,  or  t  X  7  ^    .16  =  .09  k  w.,  so] 

7  5 
that  the  efficiency  would  be  -^-^ :^ =  96.8  per  cent    Cat  I 

7.i>  +  .lb  +  .09  I 

culating  in  a  similar  manner  the  efficiencies  at  other  loads,  wcj 
obtain  the  following  results  : 

12  5 
Efficiency  at  2o%  overload  =  1.15  iT^  +  ^5  ^  ^^'^^ 

10 

"         "   '^ated  load  =  10^  ie  +  .16  ^  ^*^-^^- 

7.5 
"  three^uarters  load  =  j^^  ,^^  ^  ^i^  -  96,8* 

"        -  one-half  load  -  gqrjeH^^  =  ^^'^^ 

♦7  5 
"        **  one-quarter  load  =  2.5+^lt>  +  .Ql  =  ^^'^^ 

1 


"         "  one  tenth  load  = 


1+^16  +  .0^1^  "  *^^'^* 
.5 


"       one-twentieth  load  -  5  j^  ^^  ^  Q0Q4  =  .75.7^ 

In  order  to  bring  out  the  comparative  effects  of  the  two  lossrt. 
let  us  calculate  the  efficiencies  of  two  other  transformers^  one  hav- 
ing a  copper  loss  of  .08  k.  w.  and  an  iron  loss  of  .24  k.  w.,  the] 
other   having  .24  k.  w.    copper  loss,  and  .08  k.  w.  iron  los^,    b| 
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all  three  cases  the  sum  of  the  losses  is  assumed  to  be  the  same  at 
full  load  (10  k.  w.),  being  .32  k.  w.  The  results  are  given  in  the 
following  table : 

EVFICTRIVCIES  OF    TBAK^POIU^SSS    WITH    CZFFSRiaVT    RATtOS   OF    IX)SSB8. 


LossBs  t«  K.  W. 

OUTTUT   tM    K.  W. 

Copper 

Iron. 

12.5 

10. 

7.5 

5. 

.25 

.1 

.05 

.16 
.08 
,24 

.16 
.24 
.08 

DO.  8 
1)7.1 

1X5.  i> 

fW.8 
07/2 

Oo.l 
07.3 

»1.2 

mj.3 

80.1 
8U  6 

mA 

7.^^.7 
07.  ({ 
m.  1 

The  above  efficiencies  as  well  as  the  losses  at  different  loads 
are  plotted  as  curves  in  Fig.  129,  A  study  of  the  table  and 
curves  brings  out  many  important  points  regarding  transformers  : 

1.  The  sums  of  the  losses  being  equal  (.32  k.  w.)  at  rated  load 
(10  lew.)  the  efficiencies  are  the  same  for  that  particular  output. 

2.  Transformer  No.  1,  with  copper  and  iron  losses  equal  at 
rated  output,  has  an  efficiency  which  is  a  maximum  at  that  point, 
and  is  nearly  constant  (96.2  to  96.9^,)  from  one-half  load  to  25 
per  cent  overload,  being  well  suited  to  this  range. 

3.  Transformer  No.  2,  with  large  iron  loss  which  is  constant, 
^  maximum  efficiency  with  considerable  overload  (about  oO^p), 
but  is  low  in  efficiency  below  three-quarters  load.  Its  small  copper 
'oss,  however,  makes  its  regulation  excellent,  the  resistance  drop 
D€ing  only  .8  per  cent  at  rated  load. 

4.  Transformer  No.  3,  with  small  iron  loss,  has  opposite  charac- 
teristics, its  efficiency  being  highest  at  one-half  load,  and  92.4  per 
Cent  at  one-tenth  load,  which  is  remarkably  high.  At  overload  the 
efficiency  falls  rather  rapidly.  The  regidation  is  not  good,  since  the 
'distance  drop  alone  is  2.4  per  cent  at  rated  output.  It  would  be 
adapted  for  power  or  other  use  where  the  load  was  light  most  of  the 
^iiTie,  and  where  such  a  variation  in  voltage  is  not  objectionable. 

5.  From  the  point  of  view  of  efficiency  only,  the  copper  loss 
'^constant  potential  transformers  is  less  objectionable  than  iron 
loss  for  variable  load,  since  the  former  varies  as  the  square  of  the 
^ynrent,  and  thus  adjusts  itself  to  the  working  conditions.  This 
'5  shown  by  comparing  Nos.  2  and  3 ;  the  latter  with  relatively 
^ge^copper  loss  has  an  efficiency  of  92.4  per  cent  at  one-tecvtK 
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^B        load,  while  the  efficiency  of  the  former,  with  very  small  coppei 
^H         loss,  is  only  80.6  per  cent.                                                                I 
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6.    On  the  other  hand,  the  effect  upon  regulation  is  ex; 
'              reverse,  as  set  forth  on  page  1*>4. 

The  calculations  uf  efficiency  as  made  above  might  be  < 
on  the  ground  that  the  increase  in  resistance  due  to  tem 
rise  at  full  load,  is  not  taken  into  account. 

.5 

ictly  th 

criticise 
peratui 

1 

TRANSFORMERS. 

The  resistances  of  primary  and  secondary  coils  were  taken  in 
all  cases  as  constants,  the  value  being  that  for  continuous  running 
at  rated  load  commonly  called  the  resistance  ^'hot."  This  makes 
the  calculated  efficiency  correct  at  that  load,  and  the  error  would 
be  slight  for  other  loads.  For  example,  the  efficiency  of  No.  1  at 
halMixid  is  given  as  D<1.2  per  cent,  and  with  allowance  for  reduced 
temperature  it  would  become  Oi>.25  per  cent.  The  difference  is  so 
insignificant  that  it  does  not  warrant  the  trouble  in  making  the 
conection. 

The  reason  why  the  discrepancy  is  not  larger  is  to  be  found  in 
the  fact  that  the  copper  loss  at  light  loads  is  much  reduced,  and  a 
smaU  variation  in  it  has  very  little  effect. 

Furthermore,  the  heating  is  only  partly  (about  one-half)  due  to 
the  copper  loss,  s(j  that  the  temperature  does  not  change  in  pro- 
Portion  to  it.  The  conclusion  is  that  the  resistances  "hot"  (at 
^ull  loaf!)  may  be  taken  to  calculate  efficiencies  at  any  continuous 
'^>a^<i  from  zero  to  25  per  cent  overlttad  with  ver)'  trifling  error. 

All-day  Efficiency.  Since  the  efBciency  uf  transfurmers  varies 
considerably  with  the  load,  as  sho%vn  in  Fig.  12i>,  it  is  evident  that 
^He  changing  output  which  occurs  in  practical  working  will  give  an 
^v^rage  or  all-day  efficiency  which  is  usually  less  than  the  maxi- 
'^um.  F'or  purposes  of  comparison,  the  transformer  is  assumed  to 
*"U.ii  fully  loaded  for  5  hours,  and  with  no  load  for  tlie  remaining  19 
^ours.  On  this  basis  the  all-day  efficiency  is  commonly  reckoned; 
^^l  in  any  case  where  the  actual  periods  and  amounts  of  output 
^^e  known,  the  determination  can  be  made  accordingly.  Applying 
^ He  conventional  5  hours  full  load  and  19  hours  no  load  to  the  three 
transformers  whose  efficiency  curves  aie  shown  in  Fig.  129,  we 
*^ntl  the  following : 

AU^DAT    EFFICTENCT    OF    TRAXSPORlCEHa. 


IkOK    fyOSS 

Coi'i'BS  Loss 

TuTAL    LgSSES 

Total  Ottput 

All-Day 

m  K.  W. 

IN  K.W. 

IN  K.W. 

IN  K.W. 

Emficihncv. 

Uoun. 

Hoars. 

Hours. 

Ht>ur». 

Per  Cent. 

24  X    .10 

6x  la 

6X10 

No.1  .  . 

=  3.84 
24  X    .24 

=  .8 
6X.08 

4.04 

=  50 

91.1 

^'0.2  .  . 

=  5.76 
24X    .08 

=  .4 
5x,24 

6.10 

50 

89.0 

No.  3  .  . 

=  1.02 

=  1.2 

3.12 

50 

04.1 

^ 
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This  table  demonstrates  that  transformer  No.  3  with  small 
loss  which  is  constant  has  a  very  high  all-day  efficiency  of  94J 
cent,  while  No.  2. with  large  iron  loss  has  only  89  per  cent, 
losses  per  day  of  No.  2  are  6.16  lew.,  being  nearly  twice  Iho^ 
No.  3,  which  are  3.12  k.w.     In  the  course  of  a  year,  the  total  out- 
put of  each  transformer  would  be  3f>5  x  50  =  18250  k.w.  h'"  r 
and  the  losses  of   No.   2  would  amount  to  365  X  (>.1C  =  224S 
k.w.  hours,  or  one-cighlh  as  much  as  the  output.      The  losses 
No.  3  arc  about  one-half  as  great,  so  that   it  secures  a  saving  ot 
over  1100  k.w.  hours    per    annum    for   a    single    10  k-w.  trans- 
former. 

If  the  copper  and  iron  losses  at  full  Ictad  are  known,  the  al- 
day  efficiency  of  any  transformer  is  easily  calculated,  as  shown  is 
the  table.  The  iron  loss,  being  constant,  is  found  for  the  whole  il 
hours,  and  the  copper  loss  for  the  particular  loads  and  periods  4, 
operation.  The  sum  of  these  losses  is  added  to  the  calculated  out- 
put to  give  the  input,  and  the  former  divided  by  the  latter  is  lie 
efficiency. 

Regulation  in  Transformers  is  the  percentage  of  fall  in  sccoi^ 
ary  vo]ta{;c  from  no  load  to  full  load  for  constant  potential  work- 
ing. The  constant  current  transformer  will  be  considered  under 
that  special  heading.  The  potential  difference  between  the  second- 
ary terminals  is  less  at  full  load,  than  at  no  load,  on  non-inductire 
load  being  chiefly  due  to  the  resistance  drop  in  both  the  primary 
and  secondary  coils.  Calling  /'  and  /''  the  primary  and  secondary 
currents,  R^  and  R"  the  resistances  of  the  primary  and  secondaiji 
coils,  E'  and  E'  the  primary  and  secondary  E.M.Fs.  rcspecthndy, 
being  practically  the  terminal  voltages  measured  at  no  lead 
wc  have 

Percentage  of  resistance  drop  in  primary  —     ^—  (7>| 

"     "     secondary  =    ^.„  {Ih 

I' R'      I"  R" 
Percentage  of  total  resistance  drop  ^  —et'  '^     p*f  (*^) 

If  both  numerator  and  denominator  in  (73)  be  multiplied  by 

I'  we  have  p,  j,  which  is  the  percentage  of  primary  copper  loss  in 

watts  compared  with  total  primary  input  in  watts.     The  \'aluc  d 
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this  latter  fraction  must  be  the  same  as  that  in  (73),  hence  the 
percentage  of  copper  loss  in  watts  is  t!ie  same  as  the  percent agt  of 
resistance  drop  in  volts.  This  applies  to  primary  or  secondary  cir- 
cuits and  to  total  values. 

In  addition  to  the  drop  due  to  resistance,  the  regulation  or  total 
fall  in  voltage  is  aggravated  by  the  magnetic  leakage  at  full  load. 
In  well-designed  transformers,  great  care  is  taken  to  make  this 
latter  factor  a  minimum  by  arranging  the  coils  and  core  as  ex- 
plained in  connection  with  Figs.  123  and  124.  The  result  is  that 
the  diminution  of  secondary  voltage  caused  by  magnetic  leakage  is 
only  about  ten  per  cent  of  that  due  to  resistance.  Since  the  latter 
is  usually  from  1  to  3  per  cent  for  large  and  small  transformers 
respectively,  the  total  fall  in  voltage,  that  is,  the  *' regulation,"  is 
.1  to  .3  per  cent  greater.  We  have  just  seen  that  copper  loss  and 
resistance  drop  are  equal  percentages,  hence  the  regulation  may  be 
considered  as  having  about  the  same  value,  being  only  one-tenth 
greater  in  most  practical  instances. 

The  resistance  increases  with  the  load  on  account  of  heating, 
the  maximum  allowable  rise  in  temperature  being  50"^ T.  (Amer.  Inst. 
Elec.  Eng.  Standard),  which  would  augment  the  resistance  about  20 
per  cent.  If  full  load  is  applied  to  a  transformer,  the  resistance 
drop  will  increase  about  20  per  cent  after  a  run  sufficiently  long  to 
give  the  maximum  temperature.  Therefore  the  regulation  and  the 
copper  loss  when  *•  hot  '*  are  about  20  per  cent  greater  than  when 
•*cold."  Both  values  are  often  given,  but  the  former  is  generally 
the  proper  one  to  consider,  the  other  representing  merely  a  tem- 
porary condition.  In  calculating  efficiency,  it  has  been  shown  on 
page  162  that  this  variation  makes  very  little  difference,  since  the 
losses  are  only  partly  due  to  resistance;  but  regulation  is  directly 
proportional  to  the  latter,  and  any  change  in  one  produces  a  corre- 
sponding change  in  the  other. 

The  time  required  for  a  transformer  to  reach  maximum  work- 
ing temperature  depends  upon  its  size  and  construction,  being  usu- 
ally between  6  and  18  hours.  For  this  reason  a  transformer  that 
operates  at  full  load  for  shorter  periods  might  properly  have  its 
regulation  and  efficiency  determined  after  an  ordinary  run. 

Although  the  regulation  of  transformers  appears  to  be  good, 
the  drop  at  full  load  being  only  1  to  3  per  cent,  nevertheless  it  is 
a  serious  difficulty  in  alternating  current  distribution.      This  is 
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because  it  is  in  addition  to  variations  in  the  generator,  lines,  etc, 
which  occur  on  any  electrical  circuit.     Even  if  hand  or  automatK 
regulation  at  the  station  counteracts  any  drop  in  the  generator  and 
lines,  it  is  impossible  to  overcome  the  drop  in  each  transformer,  sinct 
one  may  be  heavily,  and  another' lightly*  loaded   on  the  same  or 
cuit.     Being  about  equal  to  the  drop  in  the  house  wiring,  it  double 
the  heal  fall  in  vtiltage.     For  example,  a  loss  of  2  per  cent  in  the 
wiring  would  not  be  very  noticeable,  but  a  variation  of  4  per  ctnt 
is  objectionable.     Wliat  is  needed  is  some  means  of  raising  the 
secondary  voltage   automatically  with    increase    of    load,  that  is, 
something   similar  to  compound   winding   in    a    generator.    Thb 
might  be  made  to  compensate  for  the  drop  in  the  transformer,  and 
in  the  wiring  as  well.     Unfortunately  no  such  device  has  yet  bcci 
applied  practically.     The  various  methods  of  regulation   emplojd 
for  alternating  current  systems  will  be  described  in  the  next  chap- 
ter, but  none  t;f  them  overcome  this  particular  trouble. 

Another  difficulty  in  this  connection  is  the  fact  that  the  drop 
in  a  transformer  is  aggravated  by  inductive  load.  For  example,  i 
transformer  which  falls  only  2  per  cent  in  voltage  at  full  non-induc- 
tive load,  wil!  have  a  drop  of  about  4  or  5  per  cent  with  a  full  load 
having  a  jxtwer  factor  of  80  per  cent.  With  lower  powder  factors 
which  often  obtain  in  practice,  the  regulation  would  be  still  wofst 

Methods  of  Cooling  Transformers.  The  total  iron  and  copper 
losses,  ordinarily  amountin}^  to  2  to  4  per  cent,  appear  as  heat  in 
the  core  ajid  coils  ;  and  since  this  production  of  heat  goes  on  con- 
tinuously so  long  as  a  transformer  is  in  operation,  some  means 
must  be  provided  to  prevent  the  temperature  from  rising  above  a 
certain  safe  limit.  With  small  transformers  their  surface  is  rela- 
tively large  compared  with  the  heat  produced,  so  that  the  latter  is 
dissipated  by  radiation,  conduction,  and  convection  sufficiently  fast 
to  prevent  excessive  rise  in  temperature  even  for  a  continuous  run 
at  full  load.  In  larger  transformers  the  losses  increase  more 
rapidly  than  the  surface,  so  that  some  special  means  must  be  pro- 
vided for  cooling  them.  These  losses  are  by  no  means  inconsidcr- 
able;  a  100  k.w.  transformer,  for  example,  having  about  2  k.w. 
loss,  which  is  sufficient  energy  to  supply  forty  16  c.p.  lamps.  The 
more  rapidly  that  heat  is  taken  away  from  a  transformer,  the 
greater  may  be  its  output  without  exceeding  the  allowable  tempera- 
ture rise.     In  other  words,  smaller  quantities  of  iron  and  copper 
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are  required  for  a  given  capacity  in  k.w.  if   eflfective  means  of 
cooling  are  provided. 

xsraoDs  of  cQOiJ[iia  transporkebb. 

1.  Self-cooling  dry  transformers. 

2.  Self-cooling  oil-filled  transformers. 

3.  Transformers  cooled  by  forced  current  of  air. 

4.  Transformers  cooled  by  forced  current  of  water. 

5.  Transformers  cooled  by  combination  of  above  means, 

Seif^oolmg^  dry  tramformcrs.  It  has  just  been  explained  that 
smaller  sizes  do  not  require  any  special  means  of  CfX)lingj  since 
their  surface  is  relatively  large.  Some  larger  tj^ies  up  to  50  k.w. 
are  also  made  in  this  way  ;  but,  as  stated  above,  they  are  heavier 
and  more  expensive  than  the  following  forms. 

Self-cooling,  oil-fiUed  transfonnt:rs  ^rc  very  generally  employed, 

the  entire  core  and  coils  being  immersed  in  oil.     Transformers  are 

practically  always  enclosed  in  a  cast  or  sheet  iron  case,  and  this  is 

sirnply  filled  with  oil.     No  increase  in  cooling  surface  is  thereby 

secured,  but  the  natural  circulation  of  the  oil  tends  to  equalize  the 

^^tnperature  of  the  various  parts,  and  carries  the  heat  to  the  case 

*'"cm  which  it  is  dissipated.     In  most  self-cooling  types  the  case  is 

^   '"*>^e  with  external  ribs  or  corrugations  to  increase  its   surface. 

y   *^lie  large  volume  of  oil  also  absorbs  considerable  heat,  so  that  the 

^^mperature  rises  more  slowly;  hence  for  moderate  pericxls  of  opera- 

i<:>n  up  to  3  or  4  hours,  which  is  ordinarily  sufficient  in  electric 

**ghtiiig,  the  maximum   temperature  would  nut  be  reached.     An- 

■■^^^her  advantage  gained  by  this  arrangement  is  an  improvement  in 

* tisulation.      This  is  due  to  the  high  insulating  qualities  of  the  oil 

^"t:self,  and   to  the  fact    that  a  disrujitive  discharge   takes   place 

^lirough  it  much  less  readily  than  through  the  air  that  it  displaces, 

'distances  being  the  same.     It  possesses,  moreover,  the  power  of 

^clf -repairing  any  break  in  the  insulation.     If  ordinary  materials, 

Such  as  cloth  or  mica,  become  punctured,  they  lose  their  insulating 

l:>roperties,   and  the  api^aratus  cannot   be  used  until   the  fault  is 

repaired,  which  ordinarily  involves  considerable  time  and  expense. 

I  On  the  other  hand,  if  oil  is  punctured,  it  tends  to  close  in  and 
repair  the  break,  unless  the  discharge  lasts  so  long  that  a  charring 
occurs,  which  may  make  a  i>crmanent  conducting  path. 
The  chief  objection  to  the  use  of  oil  is  the  danger  of  fire.     If 
^  short-circuit   occurs  inside  of  the  transformer,  the  oil  may  be 
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thrown  out  and  ignited  at  the  same  time,  or  a  fire  started  in  some 
other  way  mi|^ht  be  made  far  more  disastrous  by  the  presence  of 
a  large  quantity  of  oil.  In  this  way  several  plants  have  been  de- 
stroyed by  fire  with  large  loss  of  property.  There  is  no  special 
precaution  that  will  entirely  eliminate  this  risk  ;  but  care  in  locating 
such  transformers,  in  avoiding  overheating,  and  in  protecting  them 
by  effective  lightning  arresters,  will  reduce  the  hazard. 

Air-bhst  transformers  are  now  commonly  employed,  and  have 
the  advantages  over  the  oil-cooled  type,  that  the  danger  of 
fire  is  avoided,  and  the  cooling  effect  may  be  regulated  in  ac- 
cordance with  the  working  conditions.  They  are  so  constructed 
that  air  can  circulate  through  and  around  the  core  and  coils,  the 
ventilation  being  forced  by  a  blower  driven  by  a  motor.  A  trans- 
former of  100  k.\v.  capacity  requires  about  350  cubic  feet  of  air 
per  minute  at  a  pressure  of  ,4  ounce  per  square  inch,  the  power 
consumed  being  less  than  ^ff  ^^  one  per  cent  of  the  full-load  out- 
put of  the  transformer.  The  flow  of  air  is  controlled  by  dampers, 
and  the  proper  amount  may  be  determined  from  its  temperature 
as  it  issues  from  the  top  ;  ordinarily  this  should  not  be  more  than 
20^*  C.  above  that  of  the  atmosphere. 

Wait'r<oohd  transforniers  arc  also  oil-filled  in  most  cases.  A 
continuous  flow  of  cool  water  is  maintained  through  pipes  im- 
mersed in  the  oil,  through  a  water  jacket  formed  in  the  casing,  or 
through  I  he  conductors  (primary  or  sccondar))  themselves  if  they 
are  sufficiently  large.  It  is  the  most  effective  methtKl  of  cooling, 
and  is  very  convenient  for  water-power  plants,  the  supply  and 
pressure  being  at  hand.  "WHhere  a  natural  flow  is  not  available, 
pumps  or  the  city  water  mains  may  be  utilized,  it  is  found  that 
about  \  gallon  of  water  per  minute  is  sufficient  for  a  150  k.w. 
transformer.  This  type  requires  the  least  weight  of  iron  and 
copper  for  a  given  output,  since  its  heat  is  carried  away  most 
rapidly. 

Instead  of  having  a  flow  of  water,  the  oil  itself  may  be  drawn 
off",  cooled,  and  then  retunied  by  means  of  a  pump  driven  by  a 
motor.  In  any  of  these  types  of  transformers  depending  upon 
forced  circulation  of  air,  water,  or  oil,  it  is  vitally  important  to 
avoid  any  stoppage  of  the  flow,  as  it  is  likely  to  cause  a  bum-out 

Phase  Relations  in  Transformers.  If  FJ  a  certain  alternating 
E.M.F,  is  impressed  upon  the   primary  coil  of  a  transformer,  a. 
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primary  current  /'  flows,  which  sets  up  an  alternating  flux  m  the 
iron    core.      This  in  turn  induces  an  alternating   E.M.F.  in  the 
secondary  coO,  which  produces  a  current  provided  the  secondaiy  cir- 
cuit is  closed.     The  secondary  E.M.F.  E"  is  almost  exactly  opposite 
in  phase  to  E*  the  primary  E.M.F.^  as  represented  in  Figs.  130  and 
131.      If   the  secondary  circuit  is  openj  the  primary  current  /', 
which  is  then  called  the  exciting  current,  lags  behind  E'  a  certain 
amount,  being  usually  about  45^  as  indicated.     When  the  second- 
ary circuit  is  closed,  and  any  current  greater  than  one-tenth  of  full 
ioad  flows  in  it,  the  primary  current  /'  is  brought  very  nearly  in 
phase  with  if',  so  that  the  power  factor  is  practically  lUU  per  cent 
provided  the  secondary  circuit  is  non-inductive ;  these  conditions 
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Figs.    130  and  131.     Transformer  Pkast  Relations. 
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being  shown  in  Figs.  I:i2  and  133.  The  magnetization  Af.  (i.e. 
aJternating  flux)  in  the  core  dififers  in  phase  by  90*'  from  E'  and 
also  from  E".  In  other  words,  the  maximum  flu.x  occurs  one- 
<iuarter  period  later  Ihan  the  maximum  impressed  E.M.F,  This 
is  because  the  E.M.F.  is  zero  when  the  flux  is  a  maximum  and 
^<^mt  vary  (at  180°  in  Fig.  VM) ;  also  the  E.M.F.  is  highest 
^'hen  variation  of  flux  is  most  rapid  (at  270''  in  Fig.  133).  The 
fnagnetization  is  nearly  constant  for  all  loads,  except  that  it  de- 
creases slightly  at  heavy  load,  owing  to  magnetic  leakage.  Conse- 
tjuently  the  ratio  of  transformation  {E'-.E'')  is  nearly  constant, 
^ing  pracrically  equal  to  the  ratio  of  the  number  of  turns  in  the 
primary  and  secondary  coils.  For  simplicity  in  the  diagrams,  E" 
ttnude  one>half  of  E\  so  that  /"  would  be  about  twice  as  great  as 
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r  since  the  secondary  watts  are  almost  equal  to  the  primary  wat!i 
the  efficicnry  being  9(1  to  V'S  per  cent.     In   the  primary  circj 
besides  the  impressed  E.M.F.f  we  have  the  £.AI.F.  of  sdf-inc: 
tion  and  of  mutual  induction.     With  open  secondary,  there  is  ra 
mutual    induction,  and   the  E.M,F.  of   self-induction    is  oppc-  : 
and  nearly   equal   to  the  impressed  E.M.F.,  so    that  very  li 
current  iiows,  usually  only  1  to  3  per   cent    of    full    load.    1 
when  current  is  drawn  in  the  secondary,  the   E.M.F.  of  mu: 
induction  rises  and  tends  to  neutralize  the  E.M,F.  of  self-inducti.;. 
so  that  the  primary  current  increases  proportionally.     These  ac 
stitute  the  main  physical  quantities  involved   in   the  action  of  i 
transformer;  but  in  addition  there  are  certain  other  factors  which 
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flga.  132  and  133     Transformer  Phase  Re:ntiona. 

are  smaller,  but  play  parts  of  some  imiMjrtance.  One  of  these  is 
the  ffiag^ncfizing  cunrnt  which  overcomes  the  reluctance  of  tiic 
core.  This  lags  90*'  behind  E'  the  impressed  E.Af.F,,  and  i 
therefore  wattless.  The  current  which  supplies  the  core  less 
(hysteresis  and  eddy  currents)  is  the  other  comiM)nent  of  the  cxcit- 
ing  current  F  in  Fit;.  i:iO.  It  is  in  phase  with  E\  and  reprcsoW 
real  power.  In  i>ractice  these  twn  components  are  usually  aboitf 
equal,  prtKlucin^^  approximately  4.">°  la^j  with  no  load. 

T/te  rtsishutcc  drop  in  voltage  in  the  primary  and  secomiirr 
coils  [FR'  and  F' R")  are  also  small  quantities  which  must  be 
considered,  since  they  affect  the  regulation  as  already  ei^plaioal 
under  that  head.  The  priman'  resistance  drop  is  usually  \  lo  1 
per  cent  of  the  primary  E.M.F.,  and  the  same  for  the  secondary. 
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Their  effect  at  full  load  is  to  increase  the  apparent  ratio  of  trans- 
fonnation  as  measured  at  the  terminals,  in  practice  producing  a 
fall  in  secondary  voltage  corresponding  to  their  sum. 

Magnetic  leakage  is  still  anuther  small  quantity  that  affects  the 
action  of  a  transformer.  It  interferes  with  the  regulation  by 
increasing  the  fall  in  secondary  voltage  usually  about  \  per  cent, 
Vfith  full  non-inductive  load  as  stated  on  page  165,  and  more  than 
this,  with  inductive  loads.  Its  effect  is  similar  to  that  of  inductance 
introduced  in  the  primary  circuit. 

Iiuiuctance  in  the  secondary  circuit  produces  a  lag  of  secondary 
Current  behind  secondary  E.M.F.,  the  same 
35  for  other  alternating  current  circuits,  the 
^Hji^Ie  being  shown   in   Fig.   82.     This  pro- 
duces a  corresponding  lag  in  the    primary 
ff^cuit,  so  that  the  power  factors  of  both  are 
reduced,   being  equal  to  the  cosine  of  the 
'^o  ajigle.     The  regulation  is   made   much 
P^^rer  by  this  condition,  the  drop  in  second- 
^T  Voltage  being  increased  from  1  per  cent 
^'^^^   non-inductive  load  to  2^  per  cent  with 
■^^   power  factor  or  26^^  lag.     In  fact,  this 
causes  serious  trouble  when  there  are  induc- 
tion   motors  or  other  inductive  load  on  the 
^^e  circuits  with  lights. 

Resistance  drop  with  lagging  current  is 

represented  in  Fig.  134,  in  which  OA  is  the 

useful  portion  of  the  impressed  E,M,F„  OB 

'^  the  total    E.M.F.  induced   in   the  secondarj'  coil,   OT  is  the 

Pnmar)'  and  01"  the  secondary  current,  OF  being  the  phase  of  the 

'^a^etization.     The  primarj'  resistance  drop  V R'  is  in  phase  with 

^'^e  primary  current  /',  and  similarly  !" R"  is  in  phase  with  /",  hence 

^ he  impressed  E.M.F,  is   0F\  and  the  secondary  E,M,F.  is  OE*'. 

*  he  ratio  of  transformation  at  no  load  is  OA  -^  OB,  and  at  full 
1         - 
*^*ad  it  is  OE  -^  0E\  which  is  considerably  greater,  so  that  the 

^^tondary  voltage  must  fall  if  the  impressed  E.M.F,  is  constant. 

Constant  Current  Transformers,     p'or  the  operation  of  arc  or 

**^cindescent   lamps  on  series  circuits  an  approximately  constant 

"^^rrent  is  required.     In  direct  current  distribution  this  is  produced 

^y  the  Brush  and  other  well-known  types  of  self -regulating  dyna- 
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fig.  735.     Conttant  Currtnt  Transformer. 


and  136.  In  its  simplest  form,  it  consists  of  a  core  of  the  < 
magnetic  circuit  type  with  three  vertical  limbs,  and  two  fla 
placed  around  the  central  limb.  The  lower  coil,  usually  tl 
mar)',  is  fixed,  while  the  upper  is  suspended  and  balanced  so 
can  move  up  and  down  a  considerable  distance.  The  larger 
formers  have  one  fixed  primary  below,  and  another  above  wil 
secondary  coils  which  are  balanced  on  levers  and  move  in  Of 
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directions,  as  shown  in  Fig.  135.     Very  large  sizes  sometimes  have 
four  sets  of  coils  with  a  single  magnetic  circuit. 

W^en  currents  flow  in  the  primary  and  secondary  coils,  a  repul- 
sion is  produced  between  the  coils,  so  that  they  tend  to  move  away 
from  each  other.  For  a  given  secondary  current  (usually  6.6 
amperes  for  enclosed  arcs),  the  repulsion  is  balanced  by  a  certain 
weight,  so  that  any  increase  in  current  due  to  cutting  out  of  lamps 
vn  series  causes  the  coils  to  separate,  and  vice  versa,  thus  automati- 
cally maintaining  a  nearly  constant  current.  The  quadrants  on  the 
le\'ers  are  made  adjustable,  because  the  repulsion  for  a  given  cur- 
rent is  not  the  same  for  all  positions  of  the  coils,  being  greater 
vhcn  they  are  close  together. 
This  enables  the  current  to 
i>e  kept  almost  exactly  con- 
stant from  one-third  to  full 
load,  but  in  practice  these 
transformers  are  usually  ad- 
justed so  that  the  current  at 
half  load  is  10  per  cent  less 
than  at  full  load.  This  is 
done  because  the  wave  form 
t>f  most  alternators  produces 
^n  increase  in  voltage  at  the 
i^mps  when  the  constant  cur- 
''cnt  transformer  is  working 
*^n  light  loads.  The  full-load  efficiency  varies  from  about  96.5  per 
^^t  for  100-light  transformers  to  about  94,5  per  cent  for  25-Hght 
^J^sformers.  The  whole  apparatus  is  placed  in  an  iron  case  with 
^^^rrugations  to  increase  the  cooling  surface,  which  is  filled  with 
^il  in  order  to  carry  away  the  heat,  increase  the  insulation,  and 
^€T\'e  as  a  dash-pot  to  prevent  too  rapid  movement  of  the  coils. 

These  transformers  will  operate  without  much  attention,  and 
'^^ay  be  placed  in  the  stations  where  the  current  is  generated,  in 
Substations,  or,  if  specially  designed,  in  manholes  under  tiie 
^txeet. 

Two  lOOJight  transformers  of  this  kind  tested  by  Professor 
W". L.  Robb  and  describetl  by  him  in  a  paper  on  this  subject* 
Kave  the  following  average  results : 

•  Transact  Amer.  last.  Elec.  Eng.,  September,  1899. 
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fff,  130,    Constant  Current  Trantfoumte. 
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Load. 

EFFlClimCT. 

FowBR  Factox. 

One-quarter 

88.1  percent 

24  per  cent 

One-half 

0i.3    "      " 

AX         U          II 

Three-quarters 

04.9    "     " 

02     "      '* 

Full 

mi   "     " 

73     "     «• 

The  low  power  factor  and  efficiency  at  small  loads  make  it  un- 
desirable to  operate  these  transformers  below  70  or  80  per  cent  of 
their  rated  capacity.     In  street-lighting,  for  which  they  are  most 
often  used,  the  load  is  generally  at  least   80  or  90  per  cent  of  the 
full  amount,  hence  this  objection  does  not  apply. 

Other  forms  of  constant  cnrrcnt  transformer  have  been  designt 
by  the  Fort  Wayne  Company  and  others,  the  coils  being  station -2 
ar)',  and  the  regulation  being  due  entirely  lo  magnetic  leakage  anc3 
resistance  drop.     In  this  case  the  leakage,  which  is  most  carefull^yy 

avoided    in    constant    potenli^i^l 
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^..,.,.,„. — ,^.y.,,.^,;.^ju.......,...|  transformers,   is  purposely 

aggerated  by  the  arrangemerm.  1 
illustrated  in  Fig.  137.  Arm.  3 
rise  of  current  in  the  secondar-"] 
coil  5  tends  to  "blow  out**  tk— »< 
flux  produced  by  the  prima^ir^ 
coil  /*,  the  magnetic  leakag^^ 
«(f,  m.  con^tani  cuireni  Transformer.         across  thc  ail-gap  G  increasi«:~i  j 

at  the  same  time.  This  tea«:l 
to  prevent  the  secondary  current  from  varying,  even  though  t'*^* 
resistance  in  the  secondaiy  circuit  is  altered  considerably.  In  sit<:J 
a  transformer  the  current  does  not  rise  more  than  10  per  ceJi* 
when  the  load  (i.e.,  number  of  lamps  in  series)  is  increased  irom 
one-quarter  to  full  value. 

The  methods  of  connecting  and  opomting  these  transformers 
will  be  discussed  in  the  next  chapter. 

Protective  Devices  for  Transformers.  In  almost  all  cases  the 
primary  and  secondary  circuits  of  transformers  are  designed  to 
operate  at  widely  different  voltages.  For  electric  lighting  thc 
ordinary  primary  pressure  is  about  2000  volts,  and  the  secondary 
about  100  or  200  volts.  In  long  distance  transmission  the  higher 
pressure  may  be  10,000  to  B0,000  volts,  or  even  more.  Evidently 
it  is  a  very  serious  matter  if,  by  failure  of  insulation  or  other  cause, 
the  high-voltage  current  breaks  through  to  the  low-voltage  circuit. 
The  latter  is  not,  and  in  practice  cannot  be,  sufficiently  weD  ms 
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laleil  to  withstand  the  effects  of  the  high  pressure.  Moreover,  the 
danger  to  persons  is  very  great,  since  the  presence  of  the  deadly 
current  is  Hkely  to  be  entirely  unexpected.  There  would  be  little 
object  in  using  a  transformer  if  the  low-tensiun  circuit  had  to  be 
treated  with  the  same  precautions  as  the  high-tension.  In  fact, 
this  is  a  grave  diflRculty  in  the  operation  of  transformers.  The 
bigh-voltage  may  break  or  leak  through  tr>  the  low-voltage  circuit, 
either  on  account  of  defective  insulation  between  the  primary  and 
secondary  coils  inside  of  the  transformer,  or  it  may  occur  through 
accidental  contact  of  the  primary  and  secondary  conductors  out- 
side of  the  transformer.  In  either  case  the  trouble  is  often  due 
^  or  developed  by,  lightning  or  other  atmospheric  electrical  dis- 
charges.    For  this  reason  transformers  working  on  overhead  hnes 

3re  more  hkely  to  have  difficulties  of  this  kind  than  those  used 

^  connection  with  underground  wires. 

The  principal  means  emplo)'ed  to  avoid  or  mitigate  the  effects 

*^    interconnection   between   primary  and   secondary   circuits   of 

^^^Jisformers  are ; 

1.  Tests  of  insulation  by  manufacturer. 

2.  Lightning  arresters. 

3.  Devices  for  automatically  grounding  the  secondary  circuit 
ken  its  pressure  rises  abnormally, 

4.  Grounded  metallic  shield  inter[>osed  between  primary  and 
fec!ondary  circuits. 

5.  Permanent  grounding  of  secondary  circuit. 

6.  Test  wires  run  from  the  station  to  the  secondary  circuits  of 
"^nsformers. 

7.  Periodical  testing  of  transformer  insulation  by  extra  high 
►fessure  to  develop  latent  faults, 

8.  Insulation  tests  of  primary  circuits  of  system. 
All  transformers  should  be  tested  for  insulation  strength  by 

^Wir  manufacturers.  A  testing  pressure  at  least  twice  the  rated 
Voltage,  i.e.t  twice  the  higher  voltage,  should  be  applied  for  not  less 
than  one  minute.  Tests  are  made  between  the  primary  and  the 
core  or  case,  and  between  the  primary  and  secrmdary  coils.  In  very 
l>igH.voltage  transformers  (10,000  to  20,000  volts)  it  is  sufficient 
^0  connect  at  rated  pressure  first  one  and  then  the  other  terminal 
^>f  the  high-voltage  winding  to  the  core  and  to  the  low-voltage  wind- 
"^g-    This  subjects  the  insulation  to  twice  the  normal  pressure. 
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Lightning  Arresters  are  described  in  Vol.  I.  Chapter  XXl 
In  connection  with  transformers  they  are  very  important,  as  nuny 
of   the  cases  of   break-down  of  insulation   are    caused  by  atmoS' 

pheric  electricity. 

77/*'  antomaiic grottndiMg^ 
the  secondary  circuit  by  abixr- 
mal  rise  in  its  voltage  is  aca«n- 
plished  by  various  devices.  One 
of  these  commonly  used  in  Eng- 
land is  the  '•  Cardcw  earthing- 
device."  It  consists  of  tiro 
horizontal  brass  plates, in sulaiei 
and  separated  from  oneanotlw 
by  \  inch  of  air  space,  the  op- 
per  being  connected  to  the 
secondary  circuit  of  the  tram- 
former,  and  the  lower  \KSi 
well  grounded.  A  thin  stnp 
of  aluminum  foil  is  attached  at  one  end  to  the  lower  plate  and  rtso 
upon  it.  A  lug  on  the  upper  plate  approaches  to  within  ^  ind 
of  the  free  end  of  the  foil. 
When  the  ijtjtential  of  the 
upper  plate  rises  above  300 
volts,  due  to  accidental  con- 
nection with  the  primary,  or 
other  circuit,  the  foil  is  at- 
tracted upward  electrostatic- 
ally, thereby  making  contact 
with  the  lug,  and  grounding 
the  secondary  circuit.  This 
will  ill  mrjst  cases  blow  the 
fuses  in  the  primary  circuit, 
and  cut  off  the  dangerous 
current. 

The  film  cut*out  invented 
by  Professor  \l\\\\\\  Thomson 
is  similar  to  the  Cardew  device,  the  difference  being  that  thin  papQ 
or  other  insulating  material  is  used  in  place  of  the  air-gap.  Thiii 
punctured   by    excessive   voltage,    and   the  secondary   circuit  i 
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Hgrounded,  as  is  evident  from  Fig.  138.     A  similar  automatic  device 
His  indicated  in  Fig.  139,  the  secondary  being  grounded  when  an 

-  electrostatic  balance  is  caused  to  act  by  abnormal  potential.  It  is 
not  necessary  that  these  or  other  devices  should  be  connected  to 
both  wires  of  the  secondary  circuit,  as  in  Figs.  138  and  139 ;  one 

-  ground  connection  being  sufficient,  but  two  are  less  likely  to  fail. 
■  Another  automatic  means  of  ground- 

Bing  consists  of  an  electromagnet  in 
Haeries  with  a  vacuum  tube  between 
the  secondar>'  circuit  and  the  ground. 
When  the  potential  rises  above  a  cer- 
tain value,  it  produces  current  enough 
through  the  magnet  to  cause  it  to 
operate  a  mechanism  that  grounds 
the  secondar}'  circuit. 

All  of  these  automatic  grounding 
-devices  are  open  to  the  objections  that 
they  do  not  act  instantly,  so  that  the 

insulation  might  break  down  before  they  operated ;  besides  which 
they  might  fail  because  they  depend  up*jn  contact  points  and 
inechanism. 

A  grounded  metallic  shield  between  primary  and  secondary 
coils  is  another  form  of  protective  device 
due  to  Professor  Thomson,  It  is  simply 
a  covering  of  sheet  metal,  placed  between 
the  primary  and  secondary  windings  in 
such  a  manner  that  it  is  impossible  for 
current  to  leap  from  one  to  the  other 
without  passing  thr<>ugh  the  shield,  which 
naturally  leads  it  away  to  the  ground 
(Fig.  140),  thus  protecting  the  low-ten- 
sion circuit. 

The  pertnancnt  grounding  of  the 
secondary  circuit,  indicated  in  Fig.  141, 
is  perhaps  the  most  positive  means  of  protection,  but  is  open 
to  some  objections.  It  was  formerly  forbidden  by  insurance 
rules  in  this  country,  but  is  now  permitted.  The  ground  connec- 
tion should  be  a  very  good  one,  similar  to  that  required  for  light- 
ning arresters  (Vol.  L,  p.  437),  and  the  wire  leading  to  it  should 
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have  a  current  capacity  fully  equal  to  that  of  those  portions  ol  \he 
primary  and  secondary  circuits  through  which  the  current  might 
pass  tf)  the  ground. 

The  objections  to  this  arrangement  are  : 

1.  Insurance  authorities  have  opi>:»sed  any  groimding  of  strong 
current  electric  circuits  used  inside  of  buildings,  because  a  single 
fault  would  then  cause  a  short  circuit  or  leak»  whereas  with  con^ 
pletcly  insulated  circuits  two  simultaneous  faults  are  required 

%  A  permanent  ground  connection  invites  trouble,  since  T^"hh 
it  a  break-down  in  insulation  between  primary  and  secondary  i>; 
more  likely  to  occur  than  without  it. 

3.  Certain  conditions  may  arise  under  which  trouble  will  be 
aggravated  by  the  ground  connection. 

The  first  of  the   above  obje 
is  minimized  by  requiring  the 
connection  to  be  made  at   the  neuUaJ 
point  of  the  secondary  circuit.     In  ose. 
^^  the  latter  is  a  three-v»rire  system,  this  is 

»      \  the  middle  or  neutral  wire  as  represent- 

ed in  Fig.  142.  With  a  two  wire  sa- 
ondary  circuit  the  middle  jxjint  o{  the 
secondary  coil  may  be  grounded,  a  con- 
nect ion  being  brought  out  for  the  pur- 
pose. By  grounding  the  neutral  point 
instead  of  one  of  the  outer  conductors* 
the  voltage  is  divided  in  halves,  so  that  the  tendency  to  break  dovn 
insulation  is  reduced  in  still  greater  proportion. 

The  fact  that  the  insulatiun  between  primary  and  secondar)'  s 
more  likely  to  break  down  if  the  latter  is  grounded,  is  self-evidaii; 
but  it  may  be  answered  that  the  consequences  are  provided  for,  and 
the  total  danger  is  reduced.  There  are,  however,  certain  possihV 
conditions  which  might  cause  serious  Innible  on  a  grounded  sec- 
ondary circuit.  For  example,  an  accidental  connection  between 
the  primary  and  secondary  circuits  may  allow  Ihe  primary  current 
to  flow  through  the  whole  or  part  of  the  secondary  coil.  This  in-ill 
tend  to  produce  an  abnormally  high  voltage  in  the  latter  that  may 
rise  to  several  times  the  ordinary  value,  so  that  lamps,  socketai 
insulation,  etc.,  will  be  burnt  out.  In  order  for  this  to  take  place 
the  primary  circuit  must  happen  to  have  a  ground  connection  on 
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he  side  opposite  to  that  on  which  the  accidenta,  contact  with  the 
•condary  exists.  It  is  necessary  also  that  this  last-named  fault 
■hould  be  on  the  primary  wires  before  they  reach  the  transformer, 
otherwise  the  jjrimary  fuses  would  blow,  and  cut  off  the  current 
entirely.  In  short,  this  combination  of  circumstances  is  nut  likely 
to  occur,  and  if  it  did  the  danger  would  be  great  whether  the  sec- 
ondary were  grountled  or  not. 

Test  teircs  may  be  run  from  the  central  station  and  connected 
lo  the  secondary  circuits  of  the  various  transfonners.     This  per- 
mits the  insulation  resistance  between  each  of  the  primary  wires 
and  the  secondary  circuits  to  be  determined  at  the  central  station. 
In  fact,  a  ground  detector  may  be  used  which  would  instantly  indi- 
te a  fault.     A  single  test  wire  might  be  used;  but  tt  is  better  tg 
divide  the  transfurmers  into  groupst  each  of  which  has  its  own  wire, 
BO  that  any  trouble  may  be  located  more  readily.     l*hese  wires  may 
t  quite  small. 
Periodkai  tests  of  the  insulation  of  each  transformer  should  be 
nade  at  least  once  a  year.     A  small  step-up  transformer  is  carried 
to  the  places  where  the  tests  are  to  be  made.     Its  secondary  vol- 
age  should  be  at  least  twice  the  primary  voltage  of  the  system,  and 
:s  current  capacity  at  least  four  times  the  charging  current  that 
ows  during  any  test.     Its  primar)^  is  connected  to  the  high-voltage 
incs,  and  one  terminal  of  its  secondary  is  connected  to  the  primary 
nd  the  other  to  the  secondary  of  the  house  transformer,  which 
nust  be  disconnected  previously  from  both  primary  and  secondary 
circuits.     This  pressure  is  aj^plied  for  one  minute,  thus  subjecting 
the  insulation  between  the  primary  and  secondary  circuits  to  twice 
the  working  voltage,  which  is  likely  to  deveIo]>  any  fault.     A  fuse  is 
put  in  the  circuit  to  protect  it  in  case  the  insulation  is  punctured. 

Insulation  tests  of  the  primary  circuit  by  means  of  ground 
detectors  and  .<;pecial  measurements  are  very  important  on  systems 
using  transformers,  since  any  defect  in  the  insulation  of  the  latter 
will  almost  certainly  lower  the  general  insulation  of  the  primary 
circuit,  giving  warning  of  some  trouble.  By  keeping  careful  watch 
on  the  msulation.  and  i>romptly  following  up  any  indications,  serious 
consequences  may  be  avuided.  This  method  differs  from  the  pre- 
ceding one  in  the  fact  that  no  test  wires  are  required. 

Transformer  Fuse  Blocks  or  Cut-outs.  To  protect  transformers 
from  excessive  cuirents,  fuses  are  inserted  in  the  primary  circuit. 
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The  boxes  or  blocks  which  contain  these  fuses  may  be  att 
or  combined  with  the  transformer  as  illustrated  in  Fig.  128,  c 
may  be  entirely  sei>arate  from  it  as  shown  in  Fig.  14-3.  In 
case  the  fuse  itself  is  usually  inclosed  in  or  carried  by  a  ti 
plug  of  porcelain  which  is  easily  inserted  and  withdrawn  thr* 
hole  in  the  box  in  order  to  facilitate  the  inspection  or  rcnewj 
fuse.  Fuse-blocks  are  made  either  double-  or  single-ijule  as 
sented  in  the  two  illustrations  cited.  The  presence  of  a  ] 
the  primary  circuit  protects  the  secondary  circuit  also,  sii 
abnormal  current  in  the  latter  causes  a.  corresponding  incn 
the  primary  current  whicb  will  blow  the  fuse  and  open  the  < 
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In  most  cases  the  secondary  circuit  is  further  protected  h] 
inserted  in  the  local  or  house  wiring. 

Testing  Transformers.  For  determining  efficiency  \ 
methods  have  been  employed.  Tliat  used  by  Professor  Ryan 
sisted  in  tracing  out  by  means  of  instantaneous  contacts  the 
of  primary  and  secondary  E.M.F.  and  of  primary  current,  tl 
ondary  current  bein^  measured  by  an  ammeter.  Having  ot 
these  curves^  the  p*5wer  in  each  circuit  was  calculated,  and  th 
gave  the  efficiency.  This  method  also  has  the  advantage  th 
exact  form  and  phase  relations  of  the  several  waves  are  b 
•  Trans.  Amer.  Inst.  Elec.  Eng;,  Dec,  1889. 
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out.  Mr,  VV,  Mordey  *  proposed  to  find  the  efficiency  of  a  trans- 
former by  running  it  at  the  given  load  until  a  constant  temperature 
is  reached  as  determined  by  a  thennometer  or  by  a  resistance  test. 
Direct  currents  ai-e  then  passed  through  the  coils  of  such  strength 
that  their  heating  effect  maintains  the  same  constant  temperature. 
It  follows  that  the  direct  current  power  {=  PR  =  EI),  which  is 
easily  measured  by  volt-  and  ampere-meters  or  by  a  watt-meter, 
must  be  equal  to  the  total  losses  with  the  alternating  current. 
Calorimetric  methods  have  been  used  by  Dr.  L.  Duncan,  f  the  total 
losses  being  determined  by  placing  the  transformer  in  a  water,  oil, 
«r  ice  calorimeter.  Both  of  these  last  meth(xls,  depending  uix>n 
heat  measurements,  are  laborious  and  liable  to  error. 

Volt'  and  ampere-meters  may  be  employed  to  measure  the  pres- 
sures and  currents  in  the  primary  and  secondary  circuits.     If  the 
'oad  is  non-inductive  and  more  than  one-tenth  of  full  value  the  pro 
''uct  of  secondary  volts  and  amperes,  divided  by  the  pnxluct  of  [iri- 
•^ary  volts  and  amperes,  is  the  efficiency.     With  very  light  load  or 
'*ith  inductive  load  the  current  lags  behind  the  E.M.F.,  and  the 
''^it amperes  must  be  multiplied  by  the  power  factor  (cos  ^)  to  get 
^^^  true  watts.     By  means  of  one  of  the  various  three-instrument 
"'^thods,  the  true  power  can  be  determined;  but  the  simplest  plan 
'^  to  measure  the  true  >\'atts  in  the  primary  and  in  the  secondary 
circuits  with  wattmeters. 

Stray  power  metfwds  arc  convenient  and  accurate,  the  losses 

^ing  determined   individually.     The  iron  losses,  which  we  have 

s^^n  are  constant  (page  154),  are  determined  by  a  wattmeter  in  the 

primary  circuit  when  the  secondary  is  open.     The  copper  losses 

n^ay  be  calculated  for  any  load  by  (60)  if  the  primary  and  second- 

^r^'  currents  as  well  as  resistances  are  known  or  can  be  measured, 

which  is  usually  an  easy  matter.     Since  the  efficiency  is  always 

iound  for  a  definite  load,  the  secondary  current  is  fixed  by  that 

f^ct.    The  primary  current  /'  is 


1" 


(76) 


in  which  I"  is  the  secondary  current,  /-  the  ratio  of  iransformation, 
and/,  the  exciting  current  which  flows  with  open  secondary.     If 

•  Jour.  Inst.  Elec.  Eng.,  London,  vol.  XVIII,  p. 6o8. 
t  Electrical  World,  vol  IX.  p.  iSa. 
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/i  is  assumed  to  be  3  per  cent  nf  /"  h-  k  the  error  in  the  efficicnq 
will  be  very  slight.  Having  determined  the  iron  and  copper  losses 
the  efficiency  is  equal  tn  the  secondary  watts  divided  by  the  second- 
ary watts  plus  the  losses  as  ^ivcn  by  (72). 

Potential  Transformers  are  used  to  fomish  current  for  voit- 
meters  or  wattmeters.  They  are  small  transformers  (Fig.  144), 
usually  mounted  on  the  switchboard,  their  function  being  to  coo- 
vert  high  voltages  to  lower  values  that  are  more   convenient  and 

safer  to  measure.  With 
a  definite  ratio  of  trans- 
formation, a  volt-  or  watt- 
meter supplied  from  the 
low-voltage  secondary 
circuit,  can  be  calibrated 
to  indicate  the  uriginalor 
primary  voltage.  If  the 
currents  consumed  pro- 
duce a  certain  percentage 
of  drop  in  the  secondary 
voltage  a  corresponding 
error  is  introduced,  un- 
less the  instrument  is 
specially  calibrated  to 
allow  for  this,  A  simpler 
plan  is  to  use  a  tranv 
former  having  sufficicni 

fio*  144.    PatBtiHaf  Transformer.  .  ^t      ..     t        i 

'  capacity  so  that  the  drop 

is  insis-nificant.  One  should  not  connect  additional  instruments  or 
pilot  lamps  to  a  potential  transformer  until  it  has  been  ascertained 
that  they  do  not  cause  an  objectionable  fall  in  secondary  voltage. 

Auto-Transformers.  In  these  devices  the  primary  and  seconcl* 
ary  currents  both  flow  in  a  single  winding.  The  circuits  of  one 
form  of  auto-transformer  are  represented  in  Fig.  145,  A  B  being 
a  coil  of  insulated  wire  wound  upon  an  iron  core  as  in  an  ordinan 
transformer.  When  the  coil  /J/?  is  supplied  with  alternating  cnr- 
rent  from  the  primary  circuit  on  the  left,  differences  of  potentiil 
are  established  between  the  various  parts  of  the  coil.  If  connec- 
tions are  made  to  it  at  the  points  T  and  A  which  divide  it  into 
three  equal  parts,  the  p.Jtential  difference  between  D  and  JS'wiU 
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btr  one-third  of  the  total  voUagc  applied  at  A  and  B,  and  l>et\veen 
C E  it  will  be  two*thirds  of  that  value.  Assuming,  for  example,  that 
30O  volts  are  supplied  at  A  and  />,  then  100  volts  may  he  tapped 
off  from  Z*  and  ii  and  200  volts  between  Cand  E. 

These  might  be  used  in  almost  exactly  the  same  way  as  the 
common  types  of  transformer  with  separate  primary  and  secondary 
circuits,  since  a  certain  number  of  watts  at  one  voltage  may  be 
converted  into  a  nearly  equal  number  of  watts  at  another  voltage. 

There  is  an  objection,  however,  to  auto-transformers,  arising 
from  the  fact  that  the  secondary  is  connected  directly  to  the  pri- 
mary circuit,  as  at  B  and  E  in  Fig.  145.     Although  the  actual  vol- 
tage between  the  secondary  wires  may  not  be  high,  nevertheless 
conditions  may  arise  that  will  make  the  secondary 
circuits  very  dangerous.     For  example,  an  acci- 
dental ground  anywhere  on  the  primary  conductor 
A  will  subject  to  the  full  primary  voltage  a  per- 
son who  is  connected  to  the  earth  and  happens  to 
touch  the  secondary  wire  E.     It  is  practically  the 
same  as  if  ihj  primary  current  breaks  through  to 
the  secondary  circuit  in  an  ordinary  transformer, 
and  we  have  seen  in  Figs.  1;^»H  lo  14:2  what  pre- 
cautions are  taken   to  make  this  tlanger  as  small 
as  possible.     On  this  account  auto-transformers  are  nrvt  suitable  for 
general  use  on  high-tension   systems.     They  are  employed  chiefly 
for  series  circuits  in  electric  lighting,  as  described  imdcr  that  head 
in  the  next  chapjter.     They  are  used  also  in  place  of  dead  resistance 
lor  starting  alternating  current  motors.      It  is  evident  that  they 
™ay  be  applied  as  compensators  to  sulxlivide  the  voltage  in  three- 
iwd  five-wire  systems  instead  of  the  machines  described  on  page  79. 
The  action  of  an  auto-transformer  is  similar  to  that  of  the  ordi- 
"3r}' transformer.     In  either  case  the  primary  current  sets  iip  an 
alternating  magnetic  flux  which  induces  an  E.M.F.  m  each  turn  of 
^ii^cling.     In  an  auto-transformer  theie  is  only  one  winding;  but  if 
^lyiwo  points,  as  D  and  H  in  Fig.  14o,  are  connected  to  a  suitable 
^rcuit,  a  current  will  flow  through  it.     This  tends  to  produce  a 
demagnetizing  effect  similar  to  that  due  to  the  secrmdary  current 
<^f  the  common  transformer;  hence  the  primary  current  increases, 
'n  order  to  maintain   the  same  magnetization,  and   automatically 
adjusts  itself  to  supply  the  energy  drawn  in  the  secondary  circuit. 


Fig,   H5. 
A  uto~  Transformer, 
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Reactive  and  choke  coils,  which  are  somewhat  similar  in  col 
struction  and  action,  will  be  described  as  means  of  regulation  in  thj 
next  chapter. 

Standard  Types  of  Transformers.  The  fallowing  table  give 
data  concerning  standard  commercial  transformers  of  from  .6  t< 
50  k.w.  capacity.  It  will  be  noted  that  the  125  cycle  type  ha 
less  core  loss,  and  higher  efficiency,  but  poorer  regulatiun,  thai 
the  60  cycle  type;  the  differences,  however,  are  not  very  great, 
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Tor  cnmiMrivm  with  daU  Ki»cd  on  tOnO  or  aiKlO  voilA  primary,  deduct  7%  ffom.  ttw  above  core  la 
and  add  0  t  to  the  per  cent  regulation. 

The  above  tranilormera  are  Aoitable  for  opentioo  on  drcuiti  having  volume  within  iQ%  above  t 
bdow  tite  rating. 

Polyphase  Transformers,  Exactly  the  same  types  of  tram 
formers  as  those  used  for  single-phase  currents  may  be  employo^ 
with  two-  and  three-phase  currents,  each  phase  or  branch  having 
its  own  transformer  or  set  of  transformers.  It  is  possible,  also,  tfl 
construct  special  polyphase  transformers  in  which  the  magnetic 
circuits  are  combined  in  a  manner  analogous  to  that  in  which  thi 
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e/ectric  circuits  are  interconnected,  as  explained  with  reference  to 

Fig.  115.     In  this  way  a  certain  saving  in  the  material  of  the  iron 

core  is  effected ;  but  they  are  more  complicated  in  construction  than 

ordinary  transformers,  and  are  seldom  used  in  this  country.     A 

d  ascription  of  them  may  be  found  in  Jackson's  Alternating  Currents ^ 

|>^^e  683.     The  arrangement  and  operation  of  transformers  in 

connection  with  polyphase  systems  will  be  described  in  the  next 

cliapter. 

^For  further  information  regarding  the  theory,  construction,  and 
O]p>eration  of  transformers  reference  may  be  made  to  the  following 
wv-orks: 

The  Alternate  Current  Transformer,  by  J.   A.  Fleming,  new 
&«iition,  2  vols.  N.  Y.  and  London,  1896. 

Alternating  Current  Phenomena,  by  C.  P.  Steinmetz,  N.  Y., 

X  soo. 

Alternating  Currents,  by  D.  C.  and  J.  P.  Jackson,  N.  Y.  and 
1— ondon,  1896. 

The  Principles  of  the  Transformer,  by  F.  Bedell,  N.  Y.  and 
London,  1896. 


CHAPTER    X. 


ALTBHNATINa  CURRENT  SYSTEMS  OF  DISTRIBUTIOH 


Thk  facility  with  which  alternating  currents  may  be 
formed  from  one  voltage  to  another  gives  possibilities  of  vamna ' 
in  systems  of  distribution  that  are  greater  than  with  direct  of  I 
rents.  Adding  to  this  the  transformation  from  two-  to  tbrce-phaa 
and  from  alternating  to  direct  currents,  or  vice  versa,  by  rcctil 
and  rotaiy  converters,  and  the  opportunity  for  clalx>ration  1 
almost  unlimited.  There  has  been  a  tendency  to  yield  to  ifei»] 
temptation,  and  go  too  far  in  the  complication  of  circuits  and  appi- 
ratus.  Certain  systems  have  become  more  or  less  standaraB^I 
and  generally  accepted,  but  alternating  current  practice  is  still  ^1 
less  definite  than  direct  current  work.  The  more  imjxjrtant  met^l 
ods  will  be  classified  and  described  in  the  present  chapter. 

Alternating  Current  Series  Systems.  —  Series     circuits    cowl 
sponding  to  the  direct  current  arrangements  shown  in  Chapter  11 
may  be  operated  by  alternating  currents.     The  principal  sy5tdai| 
that  have  been  used  are  — 

1.  Simple  series  circuit  with  constant  current  alternator. 

2.  Series  circuits  supplied  by  constant  current  transformers. 

3.  Parallel-series  circuits. 

Several  forms  of  constant  current  alternators  have  been  inti 
duced,  analogous  to  the  well-known  Brush  and  Thonison-HoustoBl 
series  arc  dynamos,  the  principal  example  being  the  Stanley  n*] 
chine  made  by  the  Westinghouse  Company.  No  regulating  devatl 
is  ret[uirec!  to  keep  the  current  constant; but  armature  reaction aai] 
self-induction  are  purposely  exaggerated  in  the  design,  so  thattbcl 
current  does  not  increase  very  much,  even  when  the  machine k| 
short'Circuitetl.  The  same  is  true  to  a  certain  extent  of  a  c 
direct  current  dynamo,  but  self-hi(!uction  has  a  much  greater 
with  alternating  currents.     On  the  other   hand,  the  voltage  of  i| 
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constant  current  alternator  rises  very  high  if  the  circuit  is  opened* 
SQceit  is  entirely  relieved  of  armature  reaction  and  inductance 
drop.  This  is  likely  to  break  down  insulation  unless  it  is  pre- 
vented by  providing  a  film  cut-out  similar  to  that  shown  on  page 
25,  or  some  other  device  connected  to  the  terminals  of  the  ma- 
chines, so  that  it  will  short-circuit  the  latter  if  the  voltage  becomes 
too  great.  Such  machines  have  no  advantage  over  constant  direct 
current  dynamos,  except  that  the  main  current  is  generated  with- 
out a  commutator;  but  they  require  some  source  of  direct  current 
for  field  excitation.  Furthermore,  there  are  many  examples  of 
the  direct  current  type  that  are  very  successful,  hence  they  are  gen- 
erally adopted  for  arc-lighting  on  a  simple  series  circuit,  the  direct 
current  lamp  being  preferred  when  other  considerations  are  equal. 
Constant  current  transformers  have  been  illustrated  in   Figs. 


f\g.   146.    Conttaitt  Curr§nt  Transfofmef  Syttem. 

^o,  13G,  and  137,  and  their  operation   described.     They  are  not 
on  a  true  series  system,  since  their  primaries  P  are  supplied 
parallel  at  constant  potential,  as  represented  in  Fig.  146,  the 
*^condary  circuits  S  only  being  iirranged  in  series  fashion,  and  car- 
rying constant  currents  which  feed  the  lamps  L.     The  advantage 
I^f  this   method  is  the  fact  that  a  large  number  of  lights  can  be 
derated  from  the  same  source  of  current.     For  example,  each  of 
^e  circuits  in  £,F,G,  Fig.  146,  may  have  as  many  lamps  as  an 
^tire  dynamo  in  the  direct  current  series  system  ;    so  that  one 
^e  alternator  of    1000    k.w^   capacity   can   supply   about  2000 
lights;  whereas  it  would  require  16  to  20  direct  current  machines, 
I     since  the  number  of  lamps  that  can  be  fed  by  a  single  dynamo  is 
I  Usually  limited  to  100  or  125.     In  simplicity  and  in  economy  of 
'     operation  the  single  large  alternator  would  have  considerable  ad- 
^tage.     The  transformers    T,  T,  7",  may  be  of  different  sizes,  if 
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desired,  being  used  to  supply  a  larg"er  or  smaller  number  of  liglt 
Lamps  may  also  be  cut  out  of  circuit,  as  at  _/and  A*,  the  currcu 
being  kept  constant  by  the  transformer  in  each  case  ;  but  the  blirr  | 
may  be  designed  or  adjusted  to  maintain  in  one   circuit  a  drfFc 
value  from  that  in  the  others.     The  primary  circuits  Panel 
the  mains  J7A',  with  constant  voltage  from  the  alternator  A ; 
the  current   in  each  primary  is  nearly  proportional  lo  the  ^ansl 
in  the  secondary.     In  other  words,  it  increases  as  lamps  are  adddj 
in    series.     On  the  other  hand»  the  current   is   constant  in  cai] 
secondary  circuit,  and  the  voltage  automatically  rises  as  the  numbff 
of  lamps  is  increased.     Thus  we  have  the  interesting  case  of  acta- J 
stant  potential  primary  and  a  constant  current  secondary  drci 
This  is  made  possible  by  the  fact  that  the  flux  through  the 
dary  coils  varies  with  the  luad,  whereas  it  is  practically  uncli 
in  the  ordinary  transformer.     Hence  the  core  loss  is  not  a  constant  1 
in  the  former,  but  the  co[iper  loss  is  always  the  same  in   the  secov 
dary  coil,  and  increases  in  the  primary  circuit  as  the  square  of  the  | 
load.     The  last  fact  is  true  of  a  constant  potential  transformer,!^ 
the  first  two  do  not  apply  to  it. 

Paraihi-serics  systems  are  often  operated  by  alternating  cw* 
rents,  being  analogous  to  the  direct  current  circuits  shown  on  pagt  | 
26.     Like  the  latter,  they  are  used  chiefly  for  street-lighting  vriii  | 
series  incandescent  lamps.     The  general  arrangement  is  similar  tt* 
that  represented  in  Fig.  9>  one   source  of  current   being  uscti  tp 
feed  several  circuits  in  parallel.     Hence  all  are  supplied  withtU 
same  voltage,    introducing  difficulties   when  lamps   bum   out,  or 
when  it  is  desired  to  run  different  numbers  of  lamps  on  the  variooJ ' 
circuits.      One  plan    consists  in    switching  in    extra  or    "relief" 
lamps  L,  as  is  done  with  the  direct  current  system  described  ct 
page  26.     But  thp  alternating  current  has  an  advantage  over  tk 
latter  in  this  respect,  as  it  may  be  regulated  by  re:ictive  coils,  «i 
autit-transformcrs  (Fig.  145),  which  are  more  efficient  and  comv- 
nient  than  resistance  coils  or  lamps.     Several  such  methods  hare] 
been  n.sed,  in  one  of  which  variable  reactive   coils   are   placed  0 
series    with    each    circuit,  and    any    reduction    in    the  number  ci 
lamps  is  compensated   by  increasing  the  reactance  drop  m  the  Cfli 
In  another  arrangement   each  lamp  L  is  shunted  with  a  reacti^^  j 
coil  C,  as  illustrated  in  I'ig.  147.     These  coils  consume  very  i 
real  power,  but  they  have  a  certaiii  potential  difference  ac 


terminals,  thus  feeding  the  lamps.  When  one  of  the  latter  burns 
out  the  continuity  of  the  circuit  is  maintained,  the  current  flowing 
through  the  coil,  which  also  consumes  about  the  same  voltage  as 
before.  But  as  this  last  condition  is  only  approxmiatcty  tulhiled,  it 
is  necessary  to  ha\e  ad- 
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ditional  reactive  coils  R 

in  each  circuit  to  regu- 

iate  the  current. 

The  so-called  CR 
regulator,  made  by  the 
General  Electric  Com- 
pajfiy,  is  another  means 
of  operating  series  in- 
candescent lamps.  It 
consists  of  an  auto- 
transformer,  the  connections  of  which  are  shown  in  Fig.  148. 
TTie  primary  coil  /?/'7A  and  the  coils  />/:  and  CD,  are  all  wound 
upon  the  same  iron  rore.  When  a  plug  is  inserted  in  the  con- 
tacts at  jRt  and  the  switch  arms  //  and  O  are  in  the  position 
ij^dicated,  the  voltage  of  the  supply  circuit  from  the  switchboard 


Fig.   147.     AUtrnatfnq  Current  Series  System. 
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Fig.  143.    Keguiator  far  Atternaihtg  Current  Sarlea  Syatema. 

^  decreased  by  the  opposing  ILM,F.  i>roduced  in  the  portion  of 
^^e  coil  CD  included  l-jctween  the  arms  H  and  G.  If  the  po- 
sition of  the  latter  is  reversed,  then  the  primary  voltage  is  in- 
^teased  by  the  same  amount.     Thus  the  whole  or  part  of   the 
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coil  CD  may  be  made  to  raise  or  lower  the  primary  EM^V.  bj ] 
mo\ing  the  arms  GH.     Transferring  the   plug  from  R  to  Sa^j 
creases  the  primary  E.M.F.  by  the  voltage  produced  in  the  a  I 
BE  J  and  on  changing  the  plug  to  /",  the  primary  E.MJF,  is  dmahl 
ished  by  that  due  to  the  coil  FB.     This   secures  a  wide  ranged 
regulation  ;  for  example,  the  primary  AB  is  wound  for  2200  vdu 
FB  2ii\d  BE  being  each  wound  for  430,  while   CD  produces  *5» 
volts  in  steps  of  23.     With  a  plug  at  P,  the   secondary  gives  t}m 
—  430=  1770  volts,  with  the  arms  G  and  //  in   the  middle;  aDcl 
by  moving  the   latter   the  voltage   may   be   varied    from  1.S40  to 
2000.     Changing  the  plug  connection  to  ^,  the  regulation  \&bn\ 
1970  to   2480,  and  putting  it  in  S,  the  range  is  from  2400  to  28w| 
volts»  the  total  variation  being  1540  to   2860.      These  regiiktosl 
are  also  wound  for  1100  volts,  giving  a  range  in  secondary  \x)ll;gt| 
from  440  to  17G0,     The  secondary  current   is  either  3.6  or  9iSJ 
amperes,  lamps  designed  for  this  current  being  connected  in  seri^i] 
but  only  the  two  ends  of  the  circuit  are  shown  in  Fig,  148,    So-, 
eral  circuits,  each  with  its  own  regulator,  are  connected  to  thesajsej 
source  of  alternating  current  in  a  manner  similar  to  that  repre- 
sented in  Fig,  140.     Each  circuit  is  provided  with  an  ammeter, !»! 
the  attendant  regulates  the  current  by  moving  the   switch  aras 
Gff,  when  it  is  too  high  or  too  low.     The  lamps  take  about  l  voh 
per  candle-power  at  3.5  amperes,  and  are  arranged  with  automjlic 
cut-outs,  which  short-circuit  them  if  they  break,  as   explained  on  i 
page  25. 

Alternating  Current  Parallel  Systems.     The    simple   arrang^  I 
ment  of  lamps  in  parallel  on  a  two-wire  circuit  may  be  supplied  by  | 
an  alternator  without  transformers,  being  analogous  to  the  orcij- , 
nary  direct  current  system  represented  on  page  28.     This  method,  I 
however,  is  rarely  used  for  electric  lighting  alone,  since  the  dirod 
current  has  generally  been   adopted  in  such  cases,  including  the  ^ 
majority  of  isolated  or  other  plants  in  which  the  distances  arc  not 
great.     For  the  operation  of  motors,  polyphase  parallel  systems 
are  often  used  with  or  without  transformation  of  voltage;  and  lanfH] 
are  supplied  from  the  same  circuits  or  generators,  but  they  are  Mil 
intended  primarily  for  electric  lighting.     The  single-phase  currcBi 
is  not  well  adapted  to  the  running  of  motors  for  general  purposes, 
this  being  the  principal   objection  to  it.     It  is  only  when  the  vol- 
tage is  to  be  transformed  up  or  down  that  the  single-phase  has  uj 
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Pfeal  advantage  over  the  direct  current  system,  hence  it  is  seldom 
ised  without  transformers.  But  there  is  nothing  to  prevent  the 
stallation  of  two-  or  tljree-wire  systems  similar  to  those  illustrated 
>n  pages  28  and  TO,  the  direct  current  dynamos  being  replacetl  h^^ 
iternators  of  equivalent  voltage  and  current  capacity.  In  fact, 
wch  plants  have  been  installed  in  a  few  instances. 

Single-phase  parallel  systems  with  tmnsfonneis.  This  is  the 
lo.st  common  method  of  distribution  with  alternating  currents. 
►ne  alternator  A  (Fig.  149),  or  two  or  more  alternators  A  and  B 
orking  in  parallel,  supply  current  to  the  bus-bars  UVy  from  which 
ihe  lines  il/iVand  RS  convey  current  to  the  primary  circuits  P  of 
he  various  transformers  T.  The  lamps  L  are  connected  in  i>aral- 
el  to  the  secondary  circuits  5  of  the  transformers.  The  latter 
crate  at  approximately  constant  potential  in  both  primary  and 
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fiq.  149.    Constant  Potentiat  Trafu/ormar  8fftt$m, 

!ondary  circuits^  being  of  the  ordinary  type  that  has  been  fully 
discussed  in  the  preceding  chapter  In  most  cases  the  alternators 
generate  about  1100  or  2200  volts,  which  is  carried  with  a  loss  of 
about  10  per  cent  by  the  conductors  Af/V,  so  that  the  primary  coils 
p(  the  transformers  T  receive  about  1,000  or  2.000  volts,  which  is 
transformed  down  to  about  100  volts  for  supplying  the  lamps  L  on 
the  secondary  circuits.  Formerly  a  secondary  voltage  of  52  was 
generally  employed,  but  at  present  104  volts  has  become  the  stand- 
ard in  alternating  current  practice.  This  change  reduces  the 
weight  of  copper  in  the  secondary  wiring  to  one-quarter  with  the 
same  percentage  of  drop.  There  is  a  tendency  to  economize  still 
further  in  the  secondary  C( inductors  by  adopting  lamps  of  220  or 
S08  volts,  or  by  using  the  three-wire  system  as  described  in  the 
following  paragraph. 

Three-wire  Alternating  Current  Systems.     As  already  stated, 
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two-  or  three-wire  parallel  circuits  may  be  supplied  by  single-pha» 
generators  without  transformers,  but  they  are  seldom  used,    T 
uvo-  and  three-phase  systems  may  also    be   operated   with  Uuu 
wires,  and  will  be  described  later.     The  system   here  referred !« 
citrresponds  to  the  ordinary  direct  current    three-wire  circuits  ifl  ' 
forth   on  pa^e  T<J,  except   tlial  it   is  supplied    from  the  secondaj 
coils  of  transftirmers.     When  the  altematin|^   current  was  first  i*- 1 
troduced  fur  electric  lightinjjj  the  secondary  circuits  and  lamps  wm 
generally  operatetl  ai  Wl  \ohs,  a  transformer  being^  placed  in 
near  each  house  I o  be  lighted.     But  it  was   found  that  thcK'* 
efficiency  and  greater  core-loss  of  a  number  of  small   transforr:'. 
gave  results  far  less  economical  than  those  obtained  by  the  ust 
fewer  transformers  of  larger  size.     This  naturally  requires  that  in. 
average  lengths  of  the  secondary  circuits  should  be  increased:  ^r;-^ 
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in  order  to  avoid  excessive  cost  in  the  latter,  104-voU  lamps  ha(« 
become  the  standard  in  alternating  current  installations.  ThenoJ 
step  in  this  direction  is  the  adoption  of  the  three-wire  system  f» 
the  secondary  circuits.  This  is  easily  arrangetl  either  by  empim- 
ing  two  transformers  as  rei)reseuteti  in  Fig.  loO,  or  by  using  i 
transformer  with  two  equal  secondary^  coils  as  in  Fig.  151.  Id 
both  cases  the  primary  is  an  ordinary  two-wire  circuity  all  ihc 
primary  coils  being  connected  in  parallel ;  but  each  pair  of  ^second- 
ary coils  are  put  in  series,  the  neutral  wire  F  being  led  from  the 
intermediate  point  />.  The  rtniikv  terminals  must  be  connected  a( 
/i  in  order  to  give  double  voltage  between  the  outside  wires  A  awi 
C.  If  the  like  terminals  are  united  at  B  the  two  sides  will  be  in 
parallel,  and  the  middle  wire  /^must  carry  the  sum  of,  instead  ^ 
the  difference  between,  the  currents  on  the  outer  conductors,  tf 
expkiined  on  page  82. 
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^^^  A  txvo-  or  thrce-ivire  network  of  conductors,  similar  to  the  direct 
^  current  systems  described  in  Chapter  VI.,  is  often  adopted  foralter- 
_    nating  current  distribution.     A  transformer  7",  or  a  bank  of  trans- 

I  formers,  is  placed  at  each  feeding-point,  the  primary  coils  being 
supplied  from  the  station  generators  A  />  by  the  high-voltage  con- 
ductors E  I'  G  //,  and  the  secondary  coils  being  connected  to  the 
low-tension  mains  composing  the  network  N^f.  These  transform- 
ers are  located  in  sub-stations  or  in  manholes  in  the  street.  The 
lamps  LL  are  fed  from  the  network  as  indicated  in  Fig.  152,  In 
this  case  a  two-wire  network  is  shown  ;  but  a  three>wire  system 
similar  to  that  represented  in  Fig.  74  is  also  used  in  many  places, 
the  transformers  being  connected  in  the  manner  shown  in  Figs.  150 
and  151. 

Regulation  of  Constant-Potential  Alternating  Current  Systems. 
Nearly  all  of  the  methods  of  regulating  the  voltage  of  direct  cur- 
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rent  systems  described  on  pages  51  to  69  are  applicable  to  alter- 
nating current  circuits.  For  example,  the  potential  of  an  alter- 
nator may  be  controlled  by  varying  its  field  current,  using  the 
ordinary  rheostat  operated  by  hand.  In  this  way  the  voltage  of  the 
generator  may  be  kept  constant  or  may  be  increased  a  certain 
amount  with  rising  load  to  make  up  for  the  drop  in  lines  and  trans- 
formers. This  drop  is  greater  for  alternating  than  for  direct  cur- 
rents on  account  of  reactance,  and  the  failing  off  in  potential  of 
alternators  is  also  larger  at  full  load  than  with  dynamos. 

Compositit  Wound  Altirnators,  To  make  an  alternator  automa- 
tically mainta  in  a  constant,  or  a  rising  voltage  with  increase  of  load, 
it  is  provided  with  composite  winding  analogous  to  the  compound 
winding  of  direct   current   machines. 

In  order  that  a  generator  may  be  self-regulating,  the  current 
which  it  produces  is  caused  to  act  upon  the  field-magnets  in  order 


to  Increase  their  strength  in  proportion  to  the  current  generated. 
Since  an  alternating  current  cannot  be.  used  directly  for  exciting 
the  field-magnets  it  is  necessary  to  rectify  it  for  the  purpose.  One 
method  is  indicated  in  Fig.  153,  the  coils  CC  hcmg  the  ordinary  field 
winding  supplied  by  the  separate  exciter  B^  and  producing  most  of 
the  magnetization.  The  composite  coils  DD  are  also  wound  upon 
the  field-cores,  and  are  fed  through  the  rectifying  commutator 
A',  which  is  mounted  upon  the  same  shaft  as  the  armature  AA, 
but  to  avoid  confusion  is  represented  on  one  side  in  the  dia- 
gram. The  commutator  J?  has  as  many  segments  as  there  are 
poles,  alternate  segments  being  connected  to  one  terminal  T 
of  the  armature  winding,  and  the  intermediate  segments  being 
connected   to   one   of   the   lines   Af  by  the  wire   If,  and  brush 
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on  the  collecting-ring  at  F.  The  other  terminal  S  of  the  arma- 
ture winding  is  connected  to  the  second  collecting-ring  G.  The 
collecting-rings  FG  are  also  mounted  upon  the  shaft  in  the  usual 
manner.  With  this  arrangement,  the  connections  of  the  composite 
coils  D  are  reversed  at  the  brushes  J  and  K  each  time  that  the 
armature  current  reverses,  so  that  a  unidirectional  flow  is  estab- 
lished through  these  coils.  This  tends  to  augment  the  magnetiza- 
tion of  the  field  as  the  load  increases,  the  effect  being  the  same  as 
that  of  compound  winding.  It  is  necessary  that  the  brushes y" and 
K  should  be  set  carefully,  so  that  each  passes  from  one  segment 
to  the  next  at  the  same  instant  that  the  current  reverses.  In  this 
way  sparking  is  avoided  since  the  current  is  zero  at  that  moment. 
A  shunt  shown  inside  of  the  commutator  R  in  the  diagram,  and 
moving  with  it,  is   sometimes  used  when  it  is  desired  to  rectify 
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only  a  portion  of  the  current.  A  stationary  shunt  Q  is  generally 
employed  to  regulate  the  current  in  the  coils  DD,  thus  giving  a 
means  of   adjusting  the  amount  of  compounding. 

In  most  cases  the  current  produced  by  an  alternator  is  of  high 
potential,  so  that  it  is  not  desirable  to  intnxluce  a  cummutator  in  the 
main  circuit  or  to  pass  this  current  through  the  field-coils.     To  avoid 
these  objections,  the  main  current  is  carried  through  the  primary 
coil  of  a  small  transformer,  the  secondary  of  which  is  connected  to 
the  segments  of  the  commutator  Ry  and  is  wound  to  give  a  low  vol- 
^  tage.     The  latter  is  therefore  directly  proportional  to  the  main  cur- 
rent, and  produces  through  the  brushes  J  and  K  a  ma^ettzing 
current  in  the  composite  coils  DD  that  increases  with  the  load. 
This  transformer  is  usually  placed  inside  of  the  armature.     Instead 
of  putting  a  composite  coil  D  on  each  field  core,  as  represented  in 
Hg.  16S,  they  are  sometimes  concentrated  upon  one  or  two  of  the 
'ield  cores.     If  the  two    halves  of  the  armature  winding  are  in 
parallel,  com|x>site  coils  must  be  put  on  at  least  two  poles ;    and 
^^ese  must  have  symmetrical  positions,  otherwise  the  E.M.F.  in 
the  two  armature  circuits  will  be  unbalanced. 

The  above-described  forms  of  composite-wound  alternators  do 
not  regulate  properly  for  inductive  as  well  as  non-inductive  loads, 
but  the  General  Electric  Company  build  compensated  field  alter- 
ntxtcrs  designed  to  adjust   automatically  the  voltage  for  all  varia- 
tions in  load  or  lag.     This  machine  is  described  in  the  American 
EUctrician,  Nov.,  1899,  and  Eicc.  Review  (N.Y.),  May  23,  1900, 
The  automatic  constant-potential  regulator  described  on  page 
^  is  used  for  alternating  as  well  as  direct  current  systems.     The 
arrangement  employed  for  the  former  is  fully  illustrated  and  de- 
scTibed  in  the  Afncrican  Electrician  of  October,  1899,  p.  488.     An- 
other arrangement  of  this  kind,  made  by  Ganz  &  Company  of  Buda- 
Pcsth,  is  described  in  the  work  on  Alternating  Currents  by  D.  C 
and  J.  P.  Jackson,  page  313.     It  consists  essentially  of  a  solenoid 
connected  as  a  high-resistance  shunt  to  the  main  circuit,  and  con- 
trolling a  number  of  contact  points  dipping  in  mercury,  thus  vary- 
ing the  resistance  in  the  field  circuit. 

Feeder  Regulation.  The  various  methods  of  regulating  direct 
current  feeders  described  on  pages  61  to  69  are  applicable  with 
slight  modification  to  alternating  current  distribution.  It  is  evi- 
dent, for  example,  that  the  introduction  of  non-inductive  resistance 
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in  any  circuit  will  produce  a  drop  in  voltage  equal  to  the  product 
of  the  current  and  resistance.  Hence,  the  regulation  of  feeden 
by  means  uf  rheostats,  as  described  on  pa^^c  t>4,  is  practically  the 
same  for  alternating  as  for  direct  currents.  In  addition  to  this 
the  effect  of  self-induction  may  be  utilized  to  produce  a  drop  in  vol- 
tage if  desired.  On  page  Vlh  it  was  shown  that  the  drop  due  to  in- 
ductance alone  is  2ir/Z/  and  that  due  to  resistance  and  inductance 
combined  is  i'^R^  +  {'lirfLiK  In  practice  self-induction  coils  are 
often  employed  to  control  alternating  currents,  and  they  possess 
the  advantages  over  resistance  coils  that  they  are  more  compact, 
and  consume  much  less  actual  energy  for  the  same  drop,  but  they 
cause  the  current  to  lag.  Various  names  are  applied  to  them, 
such  as  reactance  coils,  impedance  coils,  and  choke  coils.  By  sub- 
dividing them,  and  leading  out  connections  to  contact  points,  the 
effect  may  be  varied  as  in  the  case  of  an  ordinary  rheostat. 

Feeder  Regulation  by  Vatiabk  Ratia  Transformers  is  a  very  con- 
venient method  in  alternating  current  distribution.  They  take  the 
place  of  the  ••boosters"  (page  67)  used  in  direct  current  systems. 
It  would  be  possible  to  vary  the  potential  of  a  feeder  by  means  of 
an  auxiliary  alternating  current  machine  put  in  series  with  it,  and 
acting  cither  as  a  generator  or  motor  to  raise  or  lower  the  voltage. 
But  a  transformer  being  si ni pier,  cheaper,  and  more  easily  taken 
care  of,  is  generally  used  to  accomplish  the  same  results.  There 
are  several  such  devices  in  common  use,  a  prominent  example 
being  the  Stillwcll  Regulator,  made  by  the  Westinghouse  Company, 
and  represented  in  Fig.  154.  It  consists  of  a  primary  coil,  which 
is  connected  in  shunt,  and  a  secondary  coil  in  series  with  the  main 
circuit.  By  means  of  a  movable  switch  arm,  more  or  less  of  the 
secondary  winding  may  be  introduced  into  the  circuit,  thus  "boost- 
ing *'  by  a  corresponding  amount  the  voltage  of  the  generator.  A 
switch  is  provided  to  reverse  the  connections  of  the  primar}^  coil, 
so  that  the  secondary  potential  maybe  added  to  or  subtracted  from 
that  of  the  alternator,  thus  doubling  the  range  of  regulation. 
Assuming  that  the  secondary  coil  is  wound  for  100  amperes  and 
100  volts,  and  that  the  alternator  generates  2100  volts,  the  circuit 
will  be  supphed  at  2200  volts,  when  all  of  the  secondary  winding  ^ 
is  inserted  so  as  to  raise  the  pressure  the  full  amount.  By  moving^ 
the  switch  arm  to  the  left,  part  of  the  secondary  is  cut  out,  and  the 
voltage  is  reduced  until  it  becomes  2100,  when  the  arm  is  at  zero. 
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i  On  reversing  the  primary  coil  by  the  lower  switch,  and  then  mov- 
[ing  the  arm  of  the  upper  switch  to  the  right,  the  opposing  E.M.F. 

set  up  in  the  secondary  winding  reduces  the  pressure  of  the  feeder, 
(until  finally  it  becomes  2000  volts.     In  this  way  any  value  between 

2000  and  220(J  v<tlts  may  be  obtained.  When  the  secondary  is 
adding  lOO  volts  to  the  generator's  potential,  it  is  producing  10,000 
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watts  with  a  current  of  100  amperes.  Under  those  circumstances 
it  will  draw  2100  volts,  and  about  5  amperes,  or  about  10,500 
watts,  from  the  alternator  ;  the  difference  being  the  various  losses 
in  the  transformer,  which  would  have  an  efficiency  of  about  95  per 
cent.  If  the  primary  is  reversed  in  order  to  reduce  the  voltage, 
about  95  per  cent  of  the  energy  is  returned  to  the  circuit.  Hence 
the  actual  loss  is  small  in  any  case,  being  only  about  jV  X  aV  — *i(y> 
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or  I  ^  at  maximum  or  minimum  voltage,  and  less  than  that  at  inter- 
mediate values.  Regulators  are  required  when  two  or  more  feed- 
ers are  to  be  operated  at  different  potentials.     If  there  is  only  one 

circuit,  or  if   all  the  feeders 

c^ SU ^     are  supplied  with   the   same 

voltage,  the  regulation  may 
he  accomplished  by  varying 
the  field  of  the  alternators 
by  means  of  rheostats.  But 
when  one  feeder  demands  a 
different  pressure  from  the 
others,  then  each  should  be 
provided  with  its  own  regu- 
lator, allowing  independent 
control  according  to  the  load*  distance,  and  other  conditions. 

Another  type  of  feeder  regulator  made  by  the  General  Electric 
Company  ts  represented  in  Fig.  15*;.  The  principle  of  its  action 
is  shuwn  diagrammatically  in  Fig.  155,  J'Q  being  the  primary  coil 
of  many  turns  of  fine 
wire  connected  across 
the  main  conductors 
AB,  Cuming  from  the 
alteniator,  and  S7' 
being  the  secondary 
coil  of  a  few  turns  of 
heavy  wire  connected 
in  series  with  one  of 
the  main  conductors 
at  J/v.  A  laminated 
iron  core  JjiF  is 
mounted  within  the 
primary  and  second- 
ary coils,  and  is  capa- 
ble uf  being  turned 
into  the  position  6V/, 
indicated  by  dotted  lines.  When  the  core  is  vertical,  the  mag — 
netic  lines  produced  in  it  by  the  primary  coil  PQ^  set  up  a  cer — 
tain  E  Af.F.m  the  secondary  coil  5*71  and  we  assume  that  thi^3 
aids  the  E.M.F.  of  tlie  generator.     If,  now,  the  core  be  turn 
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to  the  position  GH,  then  the  direction  of  the  lines  of  force  are 
reversed  with    respect  to  the  secondary  coil,  so   that   an  oppos- 
ing E.M.F.  will  be  produced     Thus,  by  turning  the  core,   the 
potential  difference  between  the  line  wires  C  and  D  may  be  raised 
above  or  reduced  below  that  of  the  generator  conductors  A  and  B, 
This  device  has  the  advantage  of  being  free  from  sliding  contacts, 
the  regulation  beinf;;  obtained  by  shifting  or  reversing  the  flux,  and 
the  variation    is  perfectly  gradual  —  not  in   abrupt   steps.       The 
actual   construction  is  illustrated  in  Fig.  15t],  both  coils  with  their 
tenninals  being  clearly  seen.     A  ring  of  laminated  iron  (not  shown 
in  either  cut)  surrounds  the  coils  and  core,  in  order  to  improve  the 
magnetic  circuit ;  and  all  the  parts  are  inclosed  in  a  cast-iron  case, 
which  may  be  filled  with  oil  for  cooling  and  insulating  purposes. 
The  core  is  turned  by  means  of  the  hand  wheel  shown  in  Fig.  156. 
These  r^ulators  may   be 
used     also     for     dimming 
lights  in  a  theater,  as  con- 
trollers for  series  lighting 
instead  of  the  arrangement 
shown  in  Fig.   148,  or  to 
adjust  the  voltage  on  the 
branches  of  an  unbalanced 
polyphase,  or  three-wire  single-phase  system. 

Compensators  for  Voitineters.     In  order  to  determine  the  volt- 
age at    the  outer  end  of  a  feeder,  it  is  necessary  to  run  special 
"pressure  wires"   from  the  station  to  the  given  point,  or  to  use  a 
Compensated  voltmeter,  as  explained  on  page  G4.     With  alternating 
crurrents,  the  latter  method   is  much  more  difficult  to  apply  tlian 
Hrith  direct  currents,  because  the  compensator  must  allow  for  both 
ohmic  and  inductive  drops,  and  must  be  correct,  whether  the  cur- 
rent lags  or  leads  with  respect  to  the  EJI.F.     These  conditions 
^re   fulfilled  by  the  Mcrsfwn  compensator^  made  by  the  Westing- 
House  Company,  and  represented  in  Fig.   loT.     The  generator  G 
Supplies  the  lamps  A,  through  the  feeders  MN.     The  ordinary 
F>otential  transformer  C  is  used  to  reduce  the  pressure  for  the  volt- 
rneter  VM\  and  an  inductance  Ay  as  well  as  an  ohmic  resi.stance  B^ 
a.re  inserted  in  series  with  one  main  conductor.     The  drop  due  to 
-^  and  B  is  introduced  into  the  voltmeter  circuit  by  two  small  trans- 
"f  ormers  E  and  D^  the  iron  core   upon  which  the  inductance  A  is 
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wound  being  used  as  the  core  of  the  transfomier  E^  of  which  the 
coil  A  is  the  primary.  With  this  arrangement  C  gives  to  the  voh- 
meter  a  pressure  proportional  to  that  of  the  generator  ;  while  E 
introduces  into  the  voltmeter  circuit  an  opposing  E.M.F.  propor- 
tional to  and  in  step  with  the  inductive  drop  on  the  line,  and  D 
produces  another  opposing  E.M.F.  proportional  to  the  ohmic  drop 
on  the  line.  The  result  is  that  the  vohmeter  indicates  the  voltage 
at  the  distant  end  of  the  line  or  feeder.  The  plan  here  shown  is 
commonly  employed,  but  various  modifications  are  possible.  ■ 

Polyphase  Systems.  The  principles  of  two-  and  three-phase 
circuits  have  been  shown  in  Figs.  110  to  121,  and  will  enable  us 
now  to  consider  their  application  in  systems  of  distribution.  As 
already  stated,  a  two-phase  circuit  is  practically  equivalent  to  two 
single-phase  circuits,  and  each  may  be  considered  separately.  In 
fact,  in  most  cases  they  are  used  separately  for  electric  lighting,  as 
represented  in  Fig,  111  ;  and  even  when  the  two  circuits  have  a  ■ 
common  return  conductor  in  order  to  save  one  of  the  four  wires 
(Fig.  112),  the  conditions  are  practically  the  same  as  for  single- 
phase  distribution,  e.\ccpt  that  the  common  conductor  C  carries  a 
current  1,41  times  greater  than  that  in  B  or  E,  as  explained  in 
connection  with  Fig.  113, 

For  isolated  plants  or  central  stations  supplying  pol^-phasc 
current  at  moderate  distances  transformers  are  not  required ;  and 
the  lamps,  motors,  etc.,  may  be  connected  directly  to  the  circuits, 
as  indicated  in  Figs.  Ill,  112,  115,  and  117.  In  such  cases  the 
pressure  may  be  about  110  or  220  volts,  which  is  suitable  for  incan- 
descent lighting  and  for  constant  potential  arc  lighting,  the  lamps 
being  connected  singly  or  two  in  series.  Either  the  two-  or  three-  ■ 
phase  systems  are  often  adopted  where  the  operation  of  motors  is  ■ 
an  important  part  of  the  service.  For  example,  in  many  cotton  mills 
the  looms  and  other  machinery  are  run  by  polyphase  induction 
motors,  and  it  is  convenient  to  feed  the  lamps  from  the  same  gen- 
erators. It  is  generally  preterable,  however,  to  employ  separate 
circuits  for  lighting  and  power  in  order  to  avoid  the  objectionable 
effect  of  the  latter  upon  the  former  due  to  the  sudden  and  large 
increase  in  current  occurring  when  motors  are  started.  This  diffi- 
culty is  almost  always  met  with  if  motors  and  incandescent  lamps 
are  supplied  by  the  same  circuits ;  but  it  is  usually  more  serious 
with  alternating  than  with  direct  currents,  because  most  types  of 
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alternating  current  motors  require  a  heavy  current,  usually  lag- 
ging considerably,  when  starting.  This  not  only  causes  a  large 
drop  on  the  line,  but  also  reacts  injuriously  upon  the  regulation 
"i  transformers  and  generators,  their  voltage  falling  much  more 
tfian  with  an  equal  non-inductive  load. 

WTien  the  distances  become  considerable,  that  is,  more  than 

fuo  or  three  miles,  it  is  customary  to  employ  pressures  of  about 

iOOO  or  20U0  volts  or  higher»  to  economize  in  the  conductors,  and 

^or   long  distance  trans- 

niission  of  50  miles  or 

mc3re  30,000  to  40,000 

^'t>It:s  are  employed.     In 

any  of  these  cases,  trans- 

ft^iTiiers  are  required  to 

rcciuce  the  high  voltage 

[f^r   transmission  to  low 

kVtZfcliage  for  actual  use  in  the  lamps.     Special  polyphase  traiisform- 

er-^  n^ay  be  employed  ;  but  in  most  cases,  especially  in  America, 

orcilinary  types  the  same  as  those  designed  for  single-phase  systems 

ar^  adopted  for  polyphase  work. 

For  two-phase   circuits  the    connections  are  very  simple,  as 

'  stx<:>wn    in    Fig.   158,  being  precisely  similar  to  the  single-phase 

**~x^imgement.     The  primary  of  each  transformer  T  is  connected  to 

.  t^<a  main  conductors  EF  of  one  phase  or  to  GH  of  the  other  phase, 

the  lamps  L  being  fed  by 
the  secondary  circuits  ^. 
The  generator   A    is   an 
ordinary  two-phase  alter- 
nator.    Any    number   of 
transformers  may  be  sup- 
plied from  either  or  both 
circuits  EF  ^wA  GH  m^  to  their  full  capacity,  there  being  no  neces- 
^^ty  for  preserving  a  balance  between  them.     If  a  two-phase  motor 
*^  to  be  operated,  it  is  connected  to  the  secondaries  of  two  trans- 
*^irmers,  one  of  which  has  its  primary  supplied  from  the  circuit  of 
^^e  pha.se,  and  the  other  having  its  primary  supplied  by  the  circuit 
^f  the  other   phase,  thus  producing  a  two-phase  current  in  the 
"if^tor.     If  a  single  return  conductor  is  used  for  both  circuits,  the 
tninsformers  are  connected  as  represented  in  Fig.  159,  the  wire  F 
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Fig.  160.     Thn9'phas9  f  Circuit  with  TransformtrM. 


being  common  to  both  circuits.  The  secondary  circuits  of  tranS- 
fonners  on  polyphase  systems  may  be  arranged  for  three-wire  dis- 
tribution in  the  same  manner  as  the  single-phase  circuits  in  Figs. 
150  and  161.  All  that  is  necessary  is  to  use  two  transformers  in 
series  or  to  subdivide  the  secondary  of  each  transformer.  It  is 
evident  also  that  two-wire  or  three-wire  networks  similar  to  that 
illustrated  in  Fig.  152  may  be  supplied  with  polyphase  currents. 
On  three-phase  circuits  transformers  may  be  connected  either 

in  Y  or  in  A  fasliion  as  indi- 
cated in  Figs.  160  and  161 
respectively.  In  the  former 
case,  three  transformers  have 
one  terminal  of  their  primar)' 
circuits  brought  to  a  common 
or  neutral  point  /*,  or  a  fourth 
conductor  may  be  provided,  as  in  Fig.  115,  in  order  to  connect 
these  neutral  points  together.  With  the  A  arrangement  (Fig. 
IGl)  the  primary  of  each  transformer  is  connectetl  between  two  of 
the  three  main  wires,  and  the  loads  on  the  three  branches  must  be 
closely  balanced,  otherwise  their  voltages  will  not  be  equal.  The 
same  is  true  of  the  ihree-wire  Y  circuit  ;  but  the  addition  of  a  fourth 
or  neutral  conductor  renders  it  unnecessary  to  maintain  a  balance 
provided  the  armature  of  the 
generator  has  a  Y  winding, 
the  neutral  point  of  which 
is  connected  by  means  of 
this  fourth  wire  to  one  pri- 
mary terminal  of  every  trans- 
former. This  last  arrange- 
ment is  the  best  one  for  supplying  lamps  by  three-phase  currents, 
but  is  not  needed  for  motors,  since  the  latter  are  connected  to  all 
three  conductors,  and  draw  current  from  them  equally. 

In  the  three-phase  systems  already  shown  (Figs.  160  and  161) 
the  secondary  circuits  are  used  separately,  but  if  desired  they  may 
be  connected  according  to  the  Y  or  the  A  plan.  By  varying  their 
arrangement,  a  considerable  range  of  voltage  may  be  secured  with- 
out any  change  in  the  transformers.  For  exam])le,  assume  that  the 
pressure  between  any  two  of  the  main  wires  of  a  three-phase  sys- 
tem is  lOUO  volts  as  represented  in  Fig.  162.      Using  three  ordi-  | 
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nary  single-phase  transformers,  the  primary  of  each  is  connected 
across  two  of  the  outside  wires  in  A  fashion  ;  AB  being  one  primary, 
v^r another,  and  i?C  the  third  If  the  ratio  of  transformation  is 
10:1,  the  vohage  in  each  secondary  coil  will  be  100  volts ;  and  if 
these  are  also  connected  in  A,  then  the  voltage  between  any  two 
Secondary  conductors,  such  as  a  and  r,  will  be  100  volts.  Keeping 
the  primary  circuits  as  before,  but  changing  the  arrangement  of  the 
secondary  coils  from  A  to  Y,  the  voltage  between  the  secondary  lines 
'^comes  173  volts  in  Fig.  163 ;  since  each  coil,  such  as  Hgt  gener- 
ates 100  volts  as  before,  but  there  are  now  two  in  series,  so  that 
the  resultant  pressure  is  V3  x  100  —  173  volts,  as  shown  in  Fig. 
■*18«    By  changing  the  primary  coils  to  Y  connection^  the  pressure 

^B  fi§».  103,  163,  164,  and  166.    Oofrif*ct/eflr  of  Tran»formtra  on  Thrtt-phtu*  CircMit* 

^^^  each  coil  ML  in  Fig.  164  is  1000  -h  V3  =  580  volts,  coni.e- 
'l^ently  the  voltage  between  the  secondary  lines  is  only  58  volts. 
i  ''^'^Vien  both  primary  and  secondary  coils  are  Y  connected  (in  Fig. 
■  ^^5)  the  ratio  of  transformation  is  10:1,  as  in  Fig.  162,  and  the 
P^^sure  between  secondary  lines  is  100  vnlts.  In  this  way  sec- 
^^dary  voltages  in  the  ratio  of  100  :  173 :  58  may  be  obtained  from 
^^e  same  supply  conductors  without  changing  the  transformers 
^cept  in  their  external  connections. 

The  manner  of  arranging  lamps  upon  a  three-phase  circuit  is 
'^Uustrated  in  Fig.  1H6,  in  which  AD,  BD,  and  CD  represent  re- 
spectively the  coils  of  a  three-phase  generator  or  of  three  trans- 
Wmers  with  K connection.     Each  group  of  lamps,  such  as  (?/v,  is 
connected  between  one  main  conductor  CG,  and  the  neutral  point 
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H.  If  the  three  circuits  feed  equal  numbers  of  lamps,  as  indicated 
at  R,  5,  and  Z,  it  would  not  be  necessary  to  have  the  neutral  wirefl 
DH\  but  if  they  are  not  balanced,  as  at  F,  }',  and  X,  which  is  morc^ 
likely  in  practice,  the  neutral  wire  is  required  in  order  to  maintain 
equal  voltages  on  the  three  branches.  In  that  case  the  neutral 
carries  the  difference  between  the  currents,  so  that  lamps  may 
be  turned  un  or  off  without  materially  affecting  the  others,  pro- 
vided the  conductors  are  of  sufficient  size  to  a\'oid  any  of  excessive 
drop. 

The  rcg-uiaiion  of  polyphase  systems  may  be  effected  by  placing 
in  series  with  each  feeder  an  ordinary  single-phase  regulator  simi- 
lar to  those  illustrated  in  Figs.  154-156.  For  two-phase  circuits  a' 
regulator  should  be  put  in  each  phase,  as,  for  example,  in  EF  and 
in  GH  in  Fig.  158.     A  three-phase  system  should  have  a  regulator 


I 
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f/fr,  t^a.    Lamps  on  Thnt-fihaat  Circuit. 

in  each  of  the  three  phases  A,  B,  and  C  in  Fig.  160.     The  use 
independent  regulators  would   enable  the  voltage  to  be  adjusted 
separately  in  case  the  system  is  unbalanced,  by  reason  of  having ■ 
differences  in  load  on  the  three  phases.     With  perfectly  balanced™ 
loads,  such  as  are  produced  by  motors  or  by  equal  distribution  of 
lamps,  the  three  regulators  should  be  aci justed  alike,  which  may  bo^ 
accomplished  by  connecting  them  together  mechanically. 

A  simpler  plan  for  polyphase  circuits  is  to  employ  the  so-called 
induction  patentml  reguiator  ^hovm  in  Fig.  167,  which  controls  the 
phases  at  the  same  time.  It  comprises  a  primary  and  a  secondary^ 
winding,  the  former  connected  in  shunt  and  the  latter  in  series 
with  the  circuit.  The  Ii.M.F.  generated  in  each  i)hase  of  the  sec- 
ondary winding  is  constant ;  bitt  by  varying  the  relative  positions 
of  the  two  windings,  this  vnhage  may  be  added  or  opposed  to  the 
pressure  of  the  circuit  at  any  phase  angle^  so  that  the  range 
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jlation  is  from  maximum  "boosting"  to  maximum  lowering. 
The  principle  is  somewhat  similar  to  that  of  the  single-phase  regu- 
lator in  Fig.  155.     The  moveable  core  may  be  rotated  by  means  of 
4  hand  wheel,  or  when  it  is  desired  to  operate  it  from  a  distance 
^tie  apparatus  is  fitted,  in  addition  to  the  usual  hand  wheel,  with 
3>  small  motor  arrangetl  to  turn  the  core  by  means  of  gearing,  as 
shown  in  Fig.  \^\1.     This  motor  may  be  of  the  direct  current  or 
*^duction  type,  and  is  controlled  by  a  reversing  switch  mounted 
^Tfi  the  switchboard  or  at  any  convenient  point. 


fig,  167.    induct f on  Potenti&l  Begutattjr, 
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Induction  Booster.  —  Another  means  of  regulating  the  voltage 

'^    polyphase  systems  consists    in    connecting   in  series  with   the 

^eder  to  be  regulated  or  comp<mnded,  the  field  magnet  coils  (/.^., 

PKraary)  of  a  small  induction  generator.     Fur  this  purpose  a  ma- 

^nine  similar  t(j  an  ordinary  two-  or  three-phase  induction  motor 

^ay  be  employed,  but  it  must  be  driven  by  an  engine  or  motor  at 

-       ^  speed  somewhat  above  that  of  synchronism.     If  no  current  is 

A    passing  on  the   feeder,  there  will  be  no  current    induced  in    the 

B    armature  of  the  machine,  and  no  action  whatever.     But,  as  soon 
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as  the  current  beg-ins  to  flow  in  the  feeder,  it  will  induce  current 
in  the  armature  of  the  induction  generator,  which  will  react 
automatically  on  the  field  currents  to  add  to  their  voltage.  At 
any  given  speed  above  synchronism  the  boosting  action  depends  in 
amount  on  the  strength  of  the  current  in  the  feeder,  while  the 
action  may  be  regidated  by  varying  the  speed  at  which  the 
machine  is  driven.  This  evidently  allows  the  main  generator  to 
be  compounded  or  over-compounded  without  the  use  of  sliding 
contacts,  commutators  or  other  objectionable  apparatus,  and  also 
allows  each  feeder  to  be  compounded  separately,  if  desired,  and 
the  feeders  to  be  supplied  from  a  single  source  of  current. 
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FIff.  W8,    Manwyotfc  Swmtrator  Conngetfona. 

The  MonCMiyclic  System.  —  The  single-phase  system  is  the  ^im — 
plcst  and  best  alternating  current  method  when  arc  or  incandescent 
lights  are  to  be  supplied,  but  no  large  number  of  motors,  except 
perhaps,  small  fan  motors,  are  to  be  operated.  On  the  other  hand, 
the  polyphase  systems  are  adapted  to  cases  in  which  motors  pla)*" 
an  im]>ortant  part.  The  monocyclic  system  is  a  compromise  be- 
tween the  two,  being  adopted  for  installations  which  supply  lights 
for  the  most  part,  but  are  required  also  to  operate  motors, 
lights  are  supplied  fmm  the  main  armature  winding,  which  is  prac 
tically  the  same  as  that  of  an  ordinary  single-phase  generator. 
addition  to  this  main  winding,  the  armature  is  provided  with  an- 
other set  of  coils,  one  terminal  of  which  is  connected  to  the  middle 
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a  third  ■ 


point  of  the  main  winding,  the  other  terminal  being  led  to 
collector  ring,  as  represented  in  Fig.  168.  The  auxiliary  winding, 
called  the  •*  tccizcr  coil,"  is  so  placed  with  respect  to  the  other  that 
they  produce  E.M.F,'s,  diCfcriiig  by  90°  in  phase,  and  they  are 
designed  to  give  520  and  2080  vohs  respectively.  From  the  prin- 
ciples explained  on  page  12(3,  it  is  evident  that  th^  £.Af.K,  between 
the  outer  tcrmitTal  of  the  teazer  coil  and  either  main  tenninal,  is 
equal  to  V(i(J40)^  -|-  ij'lO^  =  1160  vohs.  The  main  current  is  passed 
through  a  rectifying  commutator  to  feed  the  scries  field  coils,  and 
produce  a  compounding  effect  similar  to  that  in  the  single-phase 
comiK)sitc-wound  generator  shown  in  Fig.  153, 

The  manner  of  supplying  arc  and  incandescent  lamps  as  well 
as  motors  by  means  of  the  monoC}x!ic  system  is  illustrated  dia- 
gram matiLally  in  Fig,  1*^0.  It  will  he  observed  that  all  the  lights 
and  small  single-phase  fan  motors  are  supplied  through  transformers, 
the  primaries  of  which  are  c(jnnccted  to  the  two  outer  or  main  con- 
ductors only.  In  other  words,  they  arc  fetl  with  ordinary  single-phase 
current.  The  large  motors  may  be  of  either  the  induction  or  syn- 
chronous types  and  are  supplied  through  two  transformers,  con- 
nected, as  shown,  to  all  three  conductors,  s^j  that  they  receive,  in 
addition  to  the  main  current^  another  current  differing  in  phase 
from  the  former,  which  enables  them  to  be  started  up  as  polyphase 
motors. 

For  lighting  innposes  the  ustial  forms  of  single-phase  trans- 
formers are  employed.  In  connection  with  motors  the  transform- 
ers may  be  specially  designed  for  the  mono- 
cyclic  circuit,  or  a  pair  of  simpJe  single-phase 
transfomiers  may  be  arranged  as  indicated 
in  Fig.  170.  In  the  latter  case  the  primary 
coils  P  and  Q  are  connected  to  the  three  sup- 
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FIff.    170.      T*^angf6rm*r»   «fi 
tlOHocifvUc  Circuit. 


ply  conductors  A,  B,  and  ^'as  shown,  ^being-fl 
the  auxiliary  wire.      1  he  secondary  coils  5"™ 


and    T  are  connected   in  a  similar  manner, 
except  that  one  of  them  is  reversed,  and  the 
mot<ir  is  fed  by  the  three  wires  C,  /T,  and  /•'. 

Polyphase  Transmission  and  Direct  Current  Distribution.  —  An 
important  use  of  the  polyphase  system  m  connection  with  electric 
lighting  is  for  the  transmission  of  energ>'  at  high  potential  from] 
the  generating  plant    to  sub-stations,  where  it   is  converted   into] 


M         ALTt 


I 


ALTER XATfNG   CURRENT  SYSTEMS  OF  DISTRIBUTION.       209 


low-tension  direct  current  for  local  distribution.  The  object  of 
this  plan,  which  has  been  adopted  by  many  of  the  largest  electric 
light  and  railway  companies,  is  to  combine  the  advantages  of  both 
alternating  and  direct  currents.  The  essential  features  of  this 
system  are  indicated  in  Y'\%.  171.  The  generators  GG  arc  gen- 
erally three-phase,  since  the  conductors  for  this  system  require 
only  three-quarters  as  much  copper  as  for  the  two-phase  system, 
the  distance  of  transmission,  voltage,  percentage  of  drop  and  other 
conditions  being  the  same.  It  is  customary  to  employ  a  low  fre- 
quency of  25  periods  per  second.  This  is  rather  too  low  for 
satisfactory  arc  or  incandescent  lighting;  but  the  energ)Ms  con- 
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verted  or  rectified  into  direct  current  or  the  frequency  may  be 
raised  by  means  of  a  "frequency  change  "  before  it  is  used  for 
feeding  lamps,  so  that  this  objection  is  avoided.  On  the  other  hand, 
the  low  frequency  is  better  for  transmission,  because  the  effects  of 
inductance  and  capacity  are  less,  and,  moreover,  it  facilitates  the 
■  operation  of  the  generators  in  parallel,  which  is  the  usual  practice 
in  such  installations.  In  the  United  States  a  standard  voltage  of 
6600  has  been  adopted,  being  considered  to  be  as  high  a  pressure 
as  it  is  practicable  to  handle  in  machines,  underground  conductors, 
switches,  fuses,  circuit  breakers,  etc.  This  pressure  is  produced 
directly   by   the   generators   without    step-up    transformers,    thus 
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■  tavijig  the  cost  of,  space  occupied  b>%  and  losses  in,  the  latter. 

■  Motors  are  also  operated  directly  at  this  vohage  in  order  to  dnve 

■  arc -lighting  dynamos  or  other  apparatus. 

I  The  generators  GG  are  conneaed  in  parallel  to  the  bus  bars, 

I  B,  Bt  //,  through  switches  and  oil  circuit  breakers  (Fig.  172)  or 

I  fuses  CC,     Means  are  also  provided    for  bring^ing  each   machine 

H  into  synchronism  with  those  already  running,  before  it  is  connected 

^^^  to  the  main  bus  bars,  the  usual  indicating  lamp  or  other  device 
^^P  being  employed  for  the  purpose.  The  field  magnets  of  all  the 
generators  are  supplied  in  parallel  from  a  set  of  direct  current  ex- 
citers, EE,  in  the  ordinary  manner.  It  is  well  to  have  a  storage 
battery  in  parallel  with  the  exciters  in  order  to  increase  the  relia- 
bility of  the  field  excitation.  The  strengths  of  the  fields  and 
therefore  E.M.F.'a  of  the  generators  are  independently  regulated 
by  means  of  a  rheostat,  /?,  placed  in  each  field  circuit,  which  may 
be  operated  electrically.  ■ 

From  the  main  bus  bars,  feeders  FF Icsid  out  through  oil  circuit 
breakers  or  fuses,  D,  and  run  to  the  sub-station  or  stations  from 
winch  the  energy  is  to  be  distributed.  The  drop  on  the  feeders 
is  cither  5  or  10  per  cent,  giving  6300  or  6000  volts  at  the  sub- 
station. These  feeders  are  usually  underground  cables  of  the 
form  described  in  the  chapter  on  Underground  Conductors.  After 
the  feeders  enter  the  sub-station,  they  again  pass  through  fuses 
or  oil  circuit  breakers,  KK^  and  then  to  the  high  tension  bus  bars, 
//////,  from  which  the  primary  circuits  of  the  static  transformers. 
S,  are  supplied  through  oil  circuit  breakers,  LL.  In  these  trans- 
formers the  energy  is  stepped  down  from  6300  or  6000  to  about 
105  volts,  and  is  then  fed  into  rotar)-  converters,  ^,  which  change 
it  into  direct  current  at  about  270  volts. 

The  ratio  of  conversion  from  single-  or  two-phase  to  direct  cur- 
rent is  1 :  Vi  =  1  :  141,  since  the  latter  corresponds  to  the  maxi-A 
mum  vahic  of  the  former  (p.  114).     The  three-phase  E.M,F.  is 
VjI  -♦-  2  limes  that  of  a  single-phase  E.M.F.  obtained  from  the 
same  rotary  converter  (p.  145).      Hence  the  ratio  of  converaoa 
fnmi    three-phase    to    direct    current    is     V3 -t-  2 :  V2  =  .613:tJ 
"  1  : 1.03  with  a  sine  wave  of  E.Jf.F.,  and  is  not  capable  of  much" 
chunge,  as  staled  on  page  97,     On  account  of  the  kitter  fact,  the 
regulation  of  the  direct  current  \'oltage  is  effected  by  means  ci 
bduction  regulators  /  of  the  form  shofwn  in  Fig.  167  insexted  io 
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the  secondary  circuits   of   the  stepdown  transformers  S.     These 
regulators  are  capable  of  raising  or  lowering  by  30  volts,  or  about 
10   per   cent,  the   pressure   produced    by  the   rotary  converters, 
which  is  270  volts,  hence  the  range  of  regulation  is  from  240  to 
300  volts.     Each  rotary,  R^  of  1000  k.w.  capacity  is  provided  with 
its  own  regulator  rated  at  about  130  k.w.     The  static  transformers, 
PS",  of  350  k.w.  capacity  each,  are  connected  in  groups  of  three 
with  no  cross  connections  between  the  groups  on  the  secondary 
side ;  i.e.^  there  are  no  low-tension  alternating  current  bus  bars. 
Each  group  of  three  transformers  feeds  one  rotary  converter,  to 
which  the  secondaries  of  the  group  are  directly  wired,  there  being 
no  means  of  switching  any  rotary  from  one  to  another  group  of 
transformers.     This  arrangement  is  adopted  to  avoid  the  use  of 
switches  in  the  low-tension,  heavy  current  alternating  circuits,  as 
tvell  as  to  avoid  the  transference  of  stray  direct  currents  from  one 
rotary  converter  to  another  through  the  alternating  current  connec- 
tions, which  transference  is  likely  to  take  place  when  two  or  more 
rotaries  are  electrically  connected  to  the  same  low-tension  alternat- 
ing current  bus  bars. 

In  most  cases  the  rotary  converters  are  operated  as  six-phase 
rnachines.     The   purpose  of  this  arrangement  is  to  reduce  the 
Copper  losses  in  the  rotary  armatures,  and  consequently  raise  the 
capacity   of   the  rotaries  with   the   same   temperature   rise.     As 
rotary  converters  have  no  field  distortion  their  capacity  is  deter- 
mined solely  by  their  heating  limit  and  their  com  mutating  ability, 
so    that  any  means  of  reducing   the  heating    correspondingly    in- 
creases the  number  of  kilowatts  which  a  given  machine  will  con- 
vert, provided  there  is  sufficient  field  strength  to  reverse  the  cur- 
rents in  the  armature  coils  as   their  commutator  segments   pass 
under  the  brushes.     It  has  been  shown  *  that  a  machine  which 
will   deliver   100    kilowatts    without    overheating    when    driven 
mechanically  as  a  generator,  will  deliver  131  kilowatts  with  the 
same  temperature  rise  when  run  as  a  three-phase  rotary  converter, 
and  will  deliver  194  kilowatts  when  run  as  a  six -phase  rotary  con- 
verter, other  conditions  remaining  the  same.     This  is  allowing  for 
the  internal  losses   of  the  converter,  and  assuming  that   the  im- 
pressed   E.M.F.    is    in   phase    with    the   counter   EJf,K    of  the 
machine.     If  wattless  currents  are  not  carefully  balanced  out,  or 
•  SteinmeU,  The  EUctricat  Worlds  Dec.  17,  iSgS. 


are  used  for  purposes  of  regulation^  the  output  of  the  machine  with 
either  number  of  phases  falls  oflF  somewhat,  but  the  six  phases 
still  show  about  the  same  advantage  over  the  three  phases.  As- 
suming a  wattless  component  amounting  to  30  per  cent  of  the 
total  alternating  ciirrent  input  of  the  machine,  the  same  100-k.w. 
generator  would  deliver  122  kilowatts  as  a  three-phase  rotary  and 
167  as  a  sLx-phase  rotary.  In  addition  to  the  reduction  of  the 
heating;  the  six-phase  arrangement  distributes  the  heating  much 
more  imiformly  around  the  armature  of  the  rotary  than  do  three 
phases,  with  which  the  heating  is  rather  batlly  concentrated  in  a 
few  coils. 

While  the  term  "six-phase"  conveys  an  idea  of  considerable 
complexity,  it  requires  but  very  little  modification  of  the  usual 
three-phase  arrangement.  The  generators  and  high-tension  trans- 
mission lines  are  three-phase,  the  six  phases  being  deriveti  from 
the  step-down  transformers,  which  are  of  the  usual  single-phasn 
type,  and  three  in  number,  but  have  each  two  electrically  indepen- 
dent secondaries.  These  six  secondaries  of  the  step-doiivn  trans- 
formers are  connected  in  two  separate  A  arrangements,  one 
secondary  of  each  transformer  being  reversed  with  respect  to  the 
other,  thus  producing  currents  differing  180°  in  phase.  The  con- 
nections of  the  three  transformers  arc  shown  in  Fig,  171,  the 
primaries  P  being  fed  from  the  high-tension  three-phase  circuit 
arranged  in  A,  the  potential  being  either  6300  or  6000  volts,  de- 
pending upon  whether  a  drop  of  5  or  10  per  cent  occurs  on  the 
feeders.  Special  taps  are  led  from  the  primary  coil  to  enable 
either  voltage  to  be  used.  Each  transformer  has  two  secondaries 
which  are  connected  in  double  A  fashion,  as  represented,  to  give 
six-phase  currents  at  about  lt5o  volts  which  are  carried  through  the 
induction  regulator  /.  From  the  latter  the  six-phase  energy  passes 
to  the  rotary  converter,  R  in  which  it  is  changed  to  direct  current 
energy'  at  about  270  volts.  This  energy  is  supplied  to  the  outer 
bus  bars  M  and  T^  from  which  it  is  distributed  through  feeders  N 
to  the  ordinary  three-wire  network  of  conductors  similar  to  that 
described  on  page  103.  The  drop  on  the  feeders,  mains  and  house- 
wiring  reduces  the  potential  to  about  230  volts,  so  that  the  lamps 
receive  about  115  volts  on  each  side  of  the  system. 

Storage  batteries  arc  commonly  employed  in  connection  with 
these  systems,  being  placed  in  the  sub-stations,  and  charged  from 
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the  direct  current  side  of  the  rotary  connectors  as  representetl 
at  A  in  Fig.  171.  The  batteries  serve  to  subdivide  the  poten- 
tial for  the  three- wire  system,  _   , ^  ^ 


and  enable  a  more  uniform 
load  to  be  maintained  on  the 
generating  plant,  feeders, 
transformers,  converters,  etc., 
or  allow  them  to  be  shut 
down  temporarily.  It  affords 
also  a  means  of  starting  up 
fhe  rotary  converters  from 
their  direct  current  sides. 

The     connections     of     a 
somewhat  different  distribut- 
^g  plant  are  shown  in   Fig. 
^  ^3,  which  rq>resents  the  ar- 
'^gement     at     the     North 
•Avenue    Sub-station    of    the 
Chicago    Edison    Company. 
^'^  this  case  two  three-phase 
rotary  converters  of  100  k,w. 
^ch  are  used,  and  the  primary 
pressure  is  4500  volts  ;  other- 
^^se  the  installation  is  similar 
*^o  that  described  in   connec- 
tion with  Fig.  171. 

Substantially  the  same 
^>'stem  of  three-phase  trans- 
•^ission  and  direct  current 
distribution  is  employed  for  ^°  "*°' 
Electric  railways,  the  only  im-  cJS!cV 
|:)ortant  differences  being  the 
facts  that  the  direct  current 
Is  produced  650  or  600  volts 
and  the  distribution  is  by  two- 
wire  instead  of  by  three-wire 
drcuits. 

In  spite  of  the  step-down 
transformation  and  the   con- 
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of  98.2  per  cent  at  full  load  of  330  k.w.  each,  and  the  rotary  con- 
Iverters  of  9U0  k.w.  each  gave  96  per  cent  efficiency  at  full  load, 
making  a  combined  efficiency  of  94.2  per  cent.  In  comparing  this 
with  a  system  using  alternating  current  throughout,  it  should  be  re- 
membered that  the  latter  would  require  two  sets  of  transformers  to 
bring  down  the  pressure  from  66U0  volts  to  that  used  in  the  lamps. 
In  other  words,  a  set  of  static  transformers  would  be  substituted  for 
,the  rotar)'  converters,  so  that  the  combined  efficiency  %vould  be 
198.2  X  98.2  =  96.4  instead  of  94.2  per  cent.  On  the  other  hand, 
'it  would  not  be  possible  to  use  direct  current  arc  lamps  or  motors, 
ttorage  batteries,  or  any  electrolytic  apparatus  in  connection  with 
I  purely  alternating  current  system.  Furthermore,  losses  and  the 
liificulties  of  regulation,  etc.,  caused  by  inductance,  capacity,  and 
ow-power  factor  would  occur  with  alternating  current  in  the  dis- 
aibuting  conductors  and  house-wiring.  In  most  practical  cases 
liese  would  more  than  offset  the  additional  loss  of  2.2  per  cent  in 
lie  rotary  converters. 

'  A  form  of  oil  circuit-breaker  used  in  the  very  high-tension 
6600  volts)  circuits  of  this  system  is  ilkistrated  in  Fig.  172.  It 
ponsists  of  a  magnet  operating  the  valve  of  a  pneumatic  cylinder 
[he  piston  of  which  raises  or  lowers  a  metal  cross-head  carrying 
ihree  wooden  rods  that  e.xtcnd  down  into  three  cells,  each  contain- 
tig  the  switching  apparatus  for  one  phase  of  the  circuit.  A  sec- 
ion  through  one  of  these  cells  is  shown  in  Fig.  172,  the  others 
>eing  the  same,  and  separated  from  each  other  by  4-inch  brick  par- 
^tions  to  act  as  barriers  and  prevent  arcing  between  the  switches, 
fhe  actual  circuit -breaking  parts  are  connected  to  the  movable  rods 
ind  are  submerged  in  oil.  This  type  of  circuit-breaker  is  rated  at 
0,000  volts  and  800  ami>cres  per  phase. 

In  connection  with  the  above-described  system  of  three-phase 
ransmission  and  direct  current  distribution,  it  is  common  practice 
0  employ  double  current  generators,  rectifiers,  and  frequency 
fhangers,  which  will  now  be  explained  under  their  respective 
leadings. 

Double  Current  Generators.  ^  Since  a  rotary  converter  is  pro- 
ided  with  a  direct  current  commutator  and  with  alternating  cur- 
Bnt  collecting  rings  connected  to  its  armature  winding  (page 
7),  it  may  be  employed  as  a  generator  if  driven  by  an  engine 
r   other    s6urce  of   power,  and  polyphase  or  direct   currents  or 
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both  may  be  obtained  from  it.  In  some  plants  these  machines 
are  used  as  converters  at  one  time  and  as  generators  at  other 
times.  They  may  be  run  as  polyphase  generators  to  supply 
energy  at  a  distance  through  step-up  transformers,  and  can  also  be 
utilized  to  charge  storage  batteries  with  direct  current,  these  two 
functions  being  performed  at  different  hours  of  the  day  or  at  the 
same  time,  if  desired.  WTien  so  used  they  are  termed  double  cur- 
rent {^^enerators.  The  use  of  these  machines  in  the  stations  of  the 
Chicago  Edison  Company  is  described  in  The  Electrical  World  and 
Efigincer,  May  19,  1900,  which  also  contains  complete  illustrations  M 
and  description  of  the  three-phase  transmission  and  direct  current  ™ 
distribution  system  employed  on  a  very  large  scale  by  that  cx)m- 
pany.  ■ 

Rectifiers*  —  This  name  is  given  to  those  forms  of  apparatus  in 
which  single  or  pttlyphase  alternating  currents  are  changed  into 
direct  currents  by  means  of  commutators ;  these  machines  being 
without  field  magnets  or  armatures.  This  distinguishes  them  from 
rotary  converters  which  are  complete  dynamo  machines.  Recti- 
fiers are  much  simpler,  cheaper,  and  more  efficient  than  converters; 
nevertheless,  they  have  not  been  very  generally  introduced,  chiefly 
on  account  i)f  practical  difficulties  in  keeping  them  in  adjustment 
and  avoiding  sparking. 

In  princi[ile  a  rectifier  is  a  reversing  commutator  Cm  Fig.  174, 
similar  to  that  of  an  open-coil  arc  dynamo  (Vol.  L  p.  332).      In 
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this  case  a  two-part  commutator  is  represented,  one  segment  being 
continuously  connected  to  one  wire  M  and  the  other  segment  to 
the  other  wire  N  of  the  supply  circuit.  These  connections  are 
not  shown,  but  are  made  through  a  pair  of  brushes  and  rings 
connected  respectively  to  the  two  commutator  segments.  The 
wires  A/ .V  lead  from  a  single-phase  generator  6^  through  a  con- 
stant current  transformer  7",  and  it  is  evident  that  the  connections 
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p  of  the  brushes  A  B  will  be  reversed  at  every  half  revolution  of  the 
commutator.  If  a  circuit  feeding-  arc  lamps  L  in  series  be  con- 
nected to  brushes  A  B,  it  is  evident  that  the  current  will  flow 
through  the  lamps  always  in  the  same  direction,  provided  the 
connections  are  reversed  exactly  when  the  alternating  current 
reverses.     In  F'tg.  175  the  alternating  current  A,B,C,D,F,  etc.,  is 

_    converted  into  the  pulsating  direct  current  A,B,C,£fF,  etc.,  if  the 

P  reversals  occur  at  the  points  CyF^H^ 
etc  It  should  be  noted  also  that  the 
current  is  zero  at  the  instant  of  re- 
versal, hence,  sparking  is  avoided.  In 
(order  that  the  action  shall  take  place 
correctly  the  commutator  C  must  re- 
volve synchronously  and  in  proper 
phase   with    the    alternating    current. 

■  For  a  two-part  commutator  the  number  of  revolutions  per  second 
must  equal  the  frequency,  and  the  brushes  A  B  must  be  set  very 
carefully  so  that  they  pass  from  one  commutator  segment  to  an- 
other  at  the  instant  when  the  current  is  zero. 

I  The  constant  current  transformer  T  may  be  one  of  the  forms 

■  already  shown  in  Figs.  135,  13B,  and  137  ;  and  it  will  feed  the 
lamps  practically  the  same  as  if  they  were  connected  to  it  directly, 
except  that  the  current  through  them  will  be  unidirectional  instead 
of  alternating,  thus  allowing  ordinary  types  of  direct  current  arc 
lamps  to  be  used.  The  fact  that  the  current  is  pulsatory  is  not 
objectionable  for  arc  lighting,  since  the  standard  Brush  and  Thom- 
son-Houston arc  dynamos  produce  currents  of  this  character. 
Incandescent  lamps  may  also  be  operated  equally  well  with  this 
current.  A  low  frequency  of  25  is  tno  low  for  very  satisfactor)^ 
running  of  either  kind  of  lamp,  but  at  40  or  more  periods  per 
second  both  work  well.     The  pulsating  current  is  also  applicable 

I  to  the  charging  of  storage  batteries  and  to  other  electrochemical 
purposes ;  but  for  the  operation  of  the  ordinary  direct  current 
motors  it  would  be  likely  to  cause  sparking  unless  the  pulsations 
were  "  smoothed  out "  by  inductance,  storage  batteries,  or  other 
suitable  means. 

■  Rectifiers  have  been  more  generally  employed  in  England  than 
in  America,  the  Ferranti  type  being  used  in  a  number  of  stations. 
This    consists   essentially   of   a   synchronous   alternating   current 
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I  motor  driving   the   rectifying   commutator.     A   constant   current 

I  transformer  with  movable  coils  somewhat  similar  to  that  shown  m 

I  Fig.  135  is  employed  in  connection  with  this  rectifier,  which  is 

^^^       usually  applied  to  arc  lighting. 

^H  An  interesting  example  of  rectifier  is  that  installed  by  Mr.  W. 

■  S.  Barstow  in  Brooklyn.     The  6600  volt  three-phase  current  from 

the  main  generating  station  is  supplied  to  the  primary  of  a  con^ 
slant  current  transformer  of  the  type  illustrated  in  Fig.  136,  the 
secondary  circuit  at  6600  volts  is  led  through  the  rectifier,  which 
consists  simply  of  a  three-part  commutator  driven  by  a  synchron- 
ous motor,  the  three-phase  conductors  being  connected  respectively 
to  the  three  segments  of  the  commutator.  Two  brushes  set  dia- 
metrically opposite  each  other  are  applied  to  the  commutator,  and 
are  connected  to  a  series  circuit  of  arc  lamps.  The  standard  form 
of  Thomson-Houston  commutator  is  employed  with  the  usual 
blower  attachment  to  suppress  sparking.  Since  the  Thomson- 
Houston  armature  has  practically  a  three-phase  winding  of  the  Y 
form,  the  current  suppUed  to  its  commutator  segments  is  practi- 
cally the  same  as  in  a  three-phase  rectifier.  In  the  latter  case  the 
commutator  is  placed  at  a  distance  from  the  armature  winding,  and 
is  driven  by  a  synchronous  motor.  Owing  to  changes  in  the  phase 
of  a  motor  when  variations  in  load,  etc.,  occur  on  the  circuit,  the 
position  of  the  brushes  may  not  agree  exactly  with  the  points  of 
zero  current,  so  that  sparking  will  occur.  Since  the  maximum 
potential  exists  between  adjacent  commutator  segments  separated  _ 
only  by  a  small  air-gap,  there  is  a  strong  tendency  to  flashing  or  | 
"ring-fire"  around  the  commutator,  thus  short-circuiting  a  pres- 
sure of  several  thousand  volts.  This  constitutes  the  chief  difficulty 
in  the  operation  of  rectifiers. 

The  direct  current  obtainetl  by  rectifying  a  two-  or  three-phase 
current  does  not  pulsate  so  much  as  the  rectified  single-phase  cur- 
rent in  Fig.  175,  for  the  reason  that  in  the  former  case  two  or 
three  waves  are  superimposed.  If,  for  example,  we  reverse  all  the 
waves  below  the  zero  line  in  Figs.  110  and  114,  the  resulting 
direct  current  would  be  represented  by  a  curve  obtained  by  sum- 
ming up  the  ordinatcs  at  every  point,  the  fluctuations  being  much 
less  than  in  Fig.  175.  ■ 

Frequency  Changers.  — As  their  name  implies,  these  machines 
are  used  for   changing  the  frequency  of  an  alternating  current. 
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Ordinarily  the  object  is  to  increase  a  low  frequency  of  say  25 
periods  per  second,  which  is  hardly  high  enough  ft>r  arc  or  incan- 
descent lighting,  to  tiO  periods  for  example,  which  is  more  satisfac- 
tory for  the  purpose  and  is  also  suited  to  the  usual  types  of  motors 
and  transformers.  The  type  of  frequency  changer  made  by  the 
General  Electric  Company  is  essentially  a  polyphase  transformer 
with  a  mo\able  secondary.  The  latter  consists  of  a  secondary  or 
armature  suitably  wound  for  any  desired  voltage  and  phase,  which 
is  mechtmically  revolved  and  acted  upon  by  the  rotating  field  of  a 
polyphase  primary.  If  the  secondary  is  revolved  in  a  direction 
opposite  to  that  of  the  rutary  field,  obviously  the  frequency  of  the 
current  in  the  secondary  will  be  higher  than  the  frequency  of 
the  current  supplied  to  the  primary,  and  vice  versa.  When  the 
secondary  rotates  against  the  rotary  fiekl,  it  acts  as  a  generator 
and  requires  pf>wer  to  drive  it,  and  when  it  turns  with  the  field  the 
machine  acts  as  an  induction  motor.  Thus  we  see  that  there  is  a 
combined  generator  and  transformer  action  when  the  frequency  is 
raised. 

The  secondary  may  be  rotated  by  any  suitable  mechanical 
means,  the  synchronous  polyphase  motor  being  ordinarily  used 
for  this  purpose.  By  over-exciting  the  field  of  the  latter,  the  lead- 
ing current  thus  produced  (p.  134)  may  be  made  to  balance  the  lag 
caused  by  the  primary  of  the  frequency  changer,  thereby  raising 
the  power  factor  on  the  supply  circuit.  The  output  of  a  frequency 
changer  when  the  frequency  is  increased  is  equal  to  the  sum  of 
the  mechanical  power  applied  to  it  and  of  the  electrical  imput  in 
the  primary,  less  the  losses.  The  frequency  of  the  secondary 
current  is  equal  to  the  number  of  poles  of  the  primary,  multiplied 
by  the  sum  of  the  rcvohitions  per  second  of  the  shaft  and  of  the 
field  (when  they  run  in  opposite  directions).  If  the  primary  has  a 
three-phase  winding  and  the  secondary  is  provided  with  a  two- 
phase  winding,  the  current  is  changc<l  from  three- to  twophase  at 
the  same  time  that  the  frequency  is  raised.  It  is  evident  also  that 
the  opposite  change  may  be  effected  by  transposing  the  windings. 

Tests  of  a  200  k.w.  General  Electric  frequency  changer  of 
this  type  gave  the  following  results  : 

Primar)'     wound  for  GOOO  volts,  '?  phase  and  25   cycles. 
Secondary      "        "    2-ltM)     "      2      "       "     02 J      «• 
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The  above  machine  was  directly  connected  to  a  4-pole,  3-phase, 
6000-volt,  25-cycle  (hence  760  r^t.m)  synchronous  motor  with  a 
stationary  armature.  The  eflficiency  was  73 ^  per  cent  at  80  k.w. 
output,  81 1  at  120  k;w.,  87  i  per  cent  at  16U  k.w.,  and  91  per 
cent  at  200  k,w.  or  full  load.  The  power  factor  was  practically 
100  per  cent  at  all  these  loads,  showing  the  balancing  of  the  lag- 
ging and  leading  currents  as  already  pointed  out.  The  wave  forms 
of  Ej\LF.  and  current  approximated  ck>sely  to  the  simple  sine 
curve.  The  eflficiendes  stated  above  signify  the  true  watt  output 
divided  by  the  true  watt  imput,  the  latter  including  the  true  w^tts 
consumed  by  the  motor. 

Transforming  from  Two-  to  Three-Phase,  —  It  has  just  been 
explained  how  the  frequency  changes  may  be  employed  to  trans* 
form  currents  from  two-  to  three-phase,  or  vife  versa.  This 
requires,  however,  two  rather  expensive  machines  demanding  at- 
tention,  so  that  when  no  chajige  in  frequency  is  desired,  it  is  more  ■ 
economical  to  transform  from  two-  to  three-phase,  or  the  converse, 
by  means  of  simple  static  transformers.  A  method  of  this  kind, 
devised  by   Mr.  C.  F.  Scott,*  is  illustrated  in  Figs.  17ti-178.     It 
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Ftga.  776  an<f  J  77,     TranM/ormtng  frmm  TMH^-  io  Thn*-fika»«. 

involves  the  use  of  two  transformers,  one  wound  for  a  ratio  of 
transformation  of  say  1000  :  100»  and  the  other  for  a  ratio  of 
1000  :  86 J.  In  Fig.  176,  11/  represents  the  primary  and  AB 
the  secondary  of  the  first  transformer,  AW  and  C/  being  respect- 
ively the  primary  and  secondary  of  the  second  transformer.  The 
two  primaries  are  fed  from  the  two-phase  circuit  P/i  and  FG^  and 
one  terminal  of  the  secondary  C/is  connected  tn  the  middle  point 
of  the  secondary  AB,  The  three-phrase  circuit  is  connected  to 
the  points  AB  and  C,  In  the  diagram  of  potentials  (Fig.  177)  it 
is  evident  that  AC s^nd  CB  will  each  be  equal  to  AB,  so  that  ABC\ 
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will  be  an  equilateral  triangle  when  CJiAB:'.  V5 :  2  : :  86.T  :  100, 
hence  the  three  secondary  E.ALF's.  represented  by  AB^  BC  and 
CA,  are  equal  in  value  and  differ  by  120°  in  phase.  This  is  the 
proper  condition  for  supplying  a  three-phase  circuit  connected  to 
the  points  A,  B  and  C.  In  practice,  especially  in  small  trans- 
formers, it  is  a  sufficiently  close  approximation  if  the  E.M.F.  of 
the  secondary^  CJ  is  90  instead  of  8t).T  per  cent  of  AB. 

This  method  is  often  employed  when  two-phase  energy  is  pro- 
duced by  the  generators  (see  Fig.  178)  and  it  is  desired  to  trans- 
mit some  or  all  of  it  to  a  considerable  distance.  By  transforma- 
tion from  two  to  three-phase,  a  saving  of  twenty-five  per  cent  in 
copper  is  secured  in  the  transmitting  conductors  A^  By  C,  At  the 
receiving  station  the  energy  may  be  distributed  in  three-phase 
form  or  may  be  transformed  back  again  into  two-phase  current  as 
indicated  in  Fig.  178,     The  large  generators  at  Niagara  are  of  the 


Fig.  778.    fihatt  trantformetitm, 

two-phase  type,  and  some  of  the  energy  produced  by  them  is  trans- 
formed in  the  above-described  manner,  so  that  it  may  be  trans- 
mitted in  three-phase  form. 

Transforming  from  Single  to  Polyphase. —  It  is  often  very  desir- 
able to  accomplish  this  result  when  it  is  required  to  o]>erate  motors 
from  single-phase  circuits,  but  the  subject  belongs  to  electric  power 
more  than  to  electric  lighting.  A  method  of  this  sort,  invented  by 
Mr.  C.  S,  Bradley.*  consists  in  causing,  by  means  of  a  condenser, 
a  lead  of  current  in  one  branch  of  a  circuit,  and  in  combining  this 
with  lagging  currents  in  another  branch  so  as  to  produce  a  three- 
phase  current  in  the  secondary  circuit. 

Size  and  Location  of  Transformers. —  Most  systems  of  alternat- 
ing current  distribution  employ  transformers,  and  it  is  of  great 
importance  to  exercise  s|>ecial  care  in  deciding  ujion  their  sizes  and 
locations.     The  constant  core  loss  results  in  the  course  of  a  year 

•  Phasing:  Transformers  Trans.  Amer.  Inst.  EUc,  Enff.,  September,  189&. 
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in  a  waste  of  a  large  amount  of  energy,  and  every  effort  should 
made  to  reduce  this  to  a  minimum.  When  transformers  were  first 
introduced,  it  was  customary  to  use  a  large  number  of  them  in 
small  sizes  ;  but  it  was  soon  found  that  the  core  loss  consumed 
too  great  a  fraction  of  the  total  output  of  the  station,  often  amount- 
ing to  25  and  sometimes  to  50  per  cent.  This  was  partly  owing 
to  the  fact  that  transformers  at  that  time  were  not  as  well  designed 
and  constructed  as  at  present,  but  it  was  due  also  to  the  custom  of 
using  too  many  small  sizes.  This  is  made  evident  by  inspecting 
the  table  on  jiage  184,  which  shows  that  a  000  watt,  125-cycle 
transformer  has  a  core  loss  of  :iJO  watts,  while  one  of  50,000  watt 
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capacity,  or  83.3  times  as  great,  has  a  core  loss  of  354  watts, 
which  is  only  17.7  times  as  much.  In  the  first  case  the  loss  is  3.3 
per  cent,  and  in  the  second  it  is  but  .7  per  cent,  or  about  one-fifth 
as  large.  If  the  comparison  be  made  between  the  1  k.w.  and  the 
10  lew.  transformers,  it  is  found  that  the  former  has  a  core  loss  of 
2.5  per  cent  (25  watts)  and  the  latter  of  1.08  per  cent  ;  these  being 
the  limits  of  sizes  ordinarily  used  in  electric  lighting. 

The  actiuil  case  of  a  district  in  a  small  town  is  represented  in 
Fig.  179.  Originally  there  were  installed  25  small  transformers 
{indicated  by  dots  and  numbers)  having  a  combined  capacity  of  340 
lamps  of  16  c.p,  and  a  core  loss  of  1G04  watts.    These  were  after- 
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wards  replaced  by  two  larg^er  transformers  (indicated  by  black 
rectangles),  which  had  only  238  watts  core  loss,  or  about  one- 
seventh  as  much,  the  saving  being  1426  watts.  If  the  first  plant 
operated  for  24  hours  per  day  the  core  loss  would  have  aggregated 
40  k.w.  hours  for  each  day  in  the  year,  and  probably  this  was 
greater  than  the  useful  energy  consumed  in  the  lamps.  This  may 
be  a  rather  extreme  case ;  but  there  were  many  others  equally  bad, 
and  at  one  time  the  average  practice  was  little  better.  Besides  the 
advantage  of  lower  percentage  of  losses  in  large  transformers,  a 
gain  is  made  in  the  fact  that  the  total  required  capacity  is  less. 
If,  for  example,  a  small  transformer  is  installed  for  each  house,  it 
is  necessary  that  its  size  should  be  sufficient  to  supply  the  maxi- 
mum number  of  lights  that  will  ever  be  used  in  that  house  at  one 
time.  Ordinarily,  in  fact  for  fully  09  per  cent  of  the  year,  the 
number  of  lamps  burning  will  be  much  less  than  this  maximum, 
hence  the  transformer  and  its  core  loss  arc  far  out  of  proportion  to 
the  average  useful  current.  On  the  other  hand,  a  larger  trans- 
former, supplying  ten  houses  for  example,  need  not  have  ten  times 
the  capacityj  because  it  is  practically  impossible  that  all  of  the 
houses  will  bum  the  maximum  number  of  lights  at  the  same  time. 
In  short,  one  7.5  k.w.  tmnsformer  will  safely  take  the  place  of 
ten  transformers  of  1  k.w,  each  ;  and  the  former  would  have  a  core 
loss  of  only  85  watts  compared  with  10  X  25  =  250  watts  for  the 
latter. 

A  further  saving  may  be  effected  by  having  sub-stations  in 
which  the  transformers  are  concentrated  or  "  banked,"  and  con- 
nected in  parallel.  During  the  hours  when  the  load  is  light,  only 
one  transformer  need  be  operated,  the  primary  circuits  of  all  the 
others  being  open  ;  but  when  the  load  increases  transformers  arc 
added  as  required,  thus  the  core  loss  is  kept  in  reasonable  propor- 
tion  to  the  useful  energy. 
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CHAPTER   XL 

CALCULATION  OP   ALTEHNATIUa  CURRENT   CIRCUITS, 

The  properties  uf  electrical  conductors  were  given  in  Chapter 
I.,  which  included  a  general  discussion  of  economy  in  their  design  -^ 
The  principles  there  laid  down  apply  to  alternating  as  well  as  t 
direct  current  conductors,  but  additional  factors  enter  in  connec- 
tion with  the  former.  In  the  long-distance  transmission  of  power, 
these  questions  arc  of  prime  consequence  ;  but  in  electric  lightinj 
the  distances  are  ordinarily  shorter,  so  that  the  problem  is  not  s(^^^-^ 
difficult  or  important.  Hence  it  will  not  be  necessary  to  consider'"^^ 
the  matter  in  detail  or  at  great  length  in  this  work. 

Choice  of  Frequency.  —  One  of  the  first  points  to  be  decided  iii^""* 
designing  an  alternating  current  system  is  the  best  frequency  icici:^^^ 
employ.  Those  generally  used  in  the  United  States  are  25,  40,^^^' 
00,  125,  and  133  cycles  per  second.  It  would  be  well  if  thei— -^^ 
Standardization  Report  of  the  American  Institute  of  Electrical^ -*^ 
Engineers  were  followed  and  three  standard  frequencies  of  30,  •*-  ^' 
B0»  and  120  became  generally  adopted.  These  would  cover  almost  ::^^ 
all  cases  that  arise,  and  being  simple  multiples  of  each  other  would  ^^^ 
facilitate  the  design  and  construction  of  apparatus  in  regard  to^^^ 
number  of  poles,  windings,  etc.  In  other  countries  many  different 
frequencies  are  employed,  100  cycles  being  a  common  value  in 
England  and  on  the  Continent.  Sixty  cycles  or  less  is  considered 
to  be  "low  frequency,'*  and  above  that  is  called  "high  frequency." 
but  anything  between  60  and  120  is  rarely  used  in  America.  A 
frequency  of  133  cycle?  was  originally  adopted  when  the  alterait- 
ing  current  was  introduced  for  electric  lighting,  and  is  still  used  in 

Cmany  plants,  especially  those  installed  by  the  Westinghouse  Com- 
pany. A  standard  of  125  cycles  is  adopted  for  electric  lighting 
apparatus  by  the  General  Electric  Company.  These  high  frequen- 
cies possess  the  advantage  that  the  size  and  cost  of  transformers  arc 
less  when  they  arc  selected.     At  the  present  time  a  10  k.w.  trans- 
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former  costs  about  25  per  cent  more  for  60  cycles  and  about  60 
per  cent  more  for  25  cycles  than  for  the  high  frequency  of  125 
cycles. 

In  the  early  history  of  alternating  current  lighting,  the  gene- 
rators were  belt<lriven  and  ran  at  about  1000  r.p,m.  Consequently 
133  cycles  could  be  obtained  with  a  16-pole  machine.  *  At  present 
large  direct-connected  alternators  running  at  about  100  r.p.m.  are 
generally  installed,  and  would  require  160  poles  to  give  the  same 
frequency.  This  would  make  a  complicated  and  expensive  con- 
struction, so  that  60  cycles,  requiring  72  poles,  would  be  much  more 
practical.  Another  objection  to  high  frequency  is  the  fact  that 
inductance  or  capacity  effects  are  greater.  The  drop  in  voltage 
due  to  the  former  and  the  charging  current  due  to  the  latter  are 
both  directly  proportional  to  the  frequency,  and  the  tangent  of  the 
angle  of  lag  is  also  projx)rtional  to  it.  For  example,  the  voltage 
drop  on  a  No.  0  A.W.G.  wire  due  to  its  resistance  and  reactance 
(p,  116)  is  only  one -half  as  much  at  25  as  it  is  at  125  cycles. 
Tables  showing  this  difference  will  be  given  later  in  the  present 
chapter.  Since  the  drop  is  greater  it  follows  that  the  regulation 
is  poorer  on  high  frequency  circuits.  The  greater  wattless  cur- 
rents cause  greater  heating  in  generators,  lines,  transformers,  etc. 
Still  another  disadvantage  of  high  frequency  is  the  fact  that  it 
renders  more  difficult  the  parallel  operation  of  generators  and 
rotary  converters,  as  well  as  the  nmning  of  motors. 

The  disadvantages  of  low  frequency,  besides  the  higher  cost  of 
transformers  already  noted,  are  the  difficulties  involved  in  operat- 
ing arc  and  incandescent  lamps.  It  is  not  yet  practicable  to  run 
the  former  below  40  cycles  and  the  latter  below  25  cycles  per  second, 
and  even  at  those  values  the  results  are  not  very  satisfactory. 
Low-voltage  or  large  candle-power  incandescent  lamps  flicker  less 
than  the  standard  110  volt  16  c.p.  lamps,  but  the  practice  is  deter- 
mined by  the  latter.  The  220  volt  lamp  would  be  still  more  sen- 
sitive to  the  waves  of  current,  on  account  of  its  thinner  filament. 
In  conclusion,  it  may  be  said  that  for  .ighting  alone  at  moder- 
ate distances  a  frequency  of  1 25  or  1 33  may  be  adopted  ;  but  even 
in  such  cases  it  would  probably  be  wiser  to  choose  60  cycles,  in 
order  to  permit  the  operation  of  motors  and  the  extension  of  the 
system  to  greater  distances.     For  supplying  power  as  well  as  light 

C\  cycles  are  very  satisfactory  where  the  circuits  are  not  too  long. 
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To  transmit  energy  to  great  distances,  a  low  frequency,  such 
25  ur  80  cycles,  is  suitable.  The  same  is  true  of  long  underground 
tjr  submarine  cables  where  the  capacity  effects  would  be  great.  A 
low  frequency  of  25  is  generally  selected  also  for  the  simple  trans- 
mission of  energy  between  generating  and  distributing  stations, 
where  the  el^crgy  is  converted  into  direct  current  before  it  is  used, 
so  that  the  frequency  makes  no  difference  so  far  as  the  lights  are 
concerned.  This  question,  which  is  almost  always  a  serious  one,  is 
often  complicated  by  the  fact  that  a  certain  frequency  has  already 
been  adopted  in  the  original  plant,  so  that  there  is  a  great  tempta- 
tion to  adhere  to  it  in  making  additions.  In  many  cases  it  may  be 
necessary  to  do  so;  but  frequently  it  would  be  wiser  and  cheaper  in 
the  end  if  the  old-fashioned  apparatus  were  sold,  even  at  a  great 
sacrifice,  and  a  new  plant  designed  and  installed  in  accordance  with 
the  best  practice. 

Relative  Weights  of  Copper  for  Various  Systems.  —  This 
question  is  exceedingly  important,  but  belongs  more  to  long-dis- 
tance power  transmission  than  to  electric  lighting.  Nevertheless, 
the  problem  often  enters  directly  or  indirectly  in  electric  light 
engineering,  and  it  will  be  well  to  consider  briefly  the  principles 
involved,  and  the  methods  of  calculation  that  are  employed. 

A  comparison  between  the  weights  of  copper  required  for  the 
different  direct-current  systems  was  given  on  page   87.     In  at-  ■ 
tempting  to  apply  similar  reasoning  to  the  alternating  current,  the 
difficulty  arises  that  the  voltage  ordinarily  measundi's  not  the  mcux- 
imum  value ;  and  since  the  insulation  is  subjected  to  the  strain  of  fl 
the  latter,  the  relative  figures  obtained  depend  upon  which  basis  of 
comparison  is  adopted.     For  long-distance  transmission  the  highest  h 
voltage  that  is  practicable  under  the  circumstances  would  ordinarily  | 
be  chosen,  but  for  local  distribution  the  effective  pressure  would 
determine  the  question. 

The  most  important  systems  of  transmission  and  distribution 
are  represented  in  Fig.  180,  and  the  relative  weights  of  copper 
required  are  given  in  terms  of  the  common  two-wire  circuit  taken 
as  100.  For  equal  ejftctive  values  of  E.M.F.  the  direct  and  alter- 
nating currents  demand  the  same  weight  of  copper ;  but  if  equal 
maximum  values  arc  considered,  the  latter  requires  twice  as  much 
copper,  distances,  power  in  watts,  percentage  of  dmp,  etc.,  being 
equivalent.     This  is  easily  understood  when  we  remember  that  the 
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maximum  value  of  an  alternating  E.M.F.  is  V2  =  1.41  times  its 
eflfective  rating,  consequently  an  alternating  E.M.F.  of  100  volts 
i^uld  have  the  same  maximum  as  a  direct  E,M.F.  of  141  volts. 


System. 
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ZWire 
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Fig.  180.    Rtlativ  Weights  of  Copper. 


'or  the  same  number  of  watts  the  amperes  of  the  direct  current 


100 


^^  rrr  as  great,  so  that  the  drop  in  volts  is  in  the  same  propor- 

"°^  with  equal  resistances.     But  the  percentage  of  drop  is  only 

100     100      1 

Hi  ^  TZT  ~  o  ^  large  for  the  current,  or  one-half  as  much  copper 
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would  be  required  for  the  same  percentage  of  drop.     This  is 
ply  a  particular  case  under  the  general  law  that  weight  of  copper 
is  inversely  proportional  to  the  squares  of  the  voltages^  other  things      ' 
being  equaL 

The  single-phase,  three-wire  (Fig.  150)  requires  37^  per  cent 
as  much  copper  as  the  two-wire  system,  and  by  making  the  neutral 
one-half  the  cross-section  of  cither  of  the  outside  conductors  the  ^ 
copper  is  reduced  to  31^  per  cent.  These  percentages  are  in  the  I 
same  proportion  as  for  direct-current  systems,  the  figures  for  which 
were  explained  on  pages  72  and  87.  The  above  ratios  assume 
that  the  lamp  voltages  are  equal  in  aU  cases  ;  but  it  is  evident  that 
this  will  give  twice  the  /<9/a/ voltage  for  the  three-wire  circuit,  since 
it  practically  involves  the  placing  of  two  lamps  in  series.  For  the 
same  total  voltage,  the  three-wire  would  require  50  per  cent  more 
copper  than  the  two-wire  system,  since  the  former  would  have 
three  conductors  instead  of  two,  and  everything  else  would  be  the 
same. 

Two-phase  four-wire  require  the  same  amount  of  copper  as  the 
ordinary  singk-pfiase  two-wire  circuits^  the  former  being  equivalent 
to  two  single-phase  systems.  With  the  two-phase  three-wire  sys- 
tem (p.  142)  the  case  is  not  so  simple,  but  may  be  determined  as 
follows  :  Assume  the  voltage  V  between  either  outside  wire  and 
the  common  return  wire  to  be  the  same  as  in  a  single-phase  cir- 
cuit. The  total  power  transmitted  is  VI  for  the  latter,  where  / 
is  the  current,  and  to  transmit  the  same  power  by  the  two-phase 
system  the  power  must  be  2  Vi^  in  which  i  is  the  current  in  either 
outside  wire,  and  is  equal  to  /-*-  2.  The  current  in  the  commoai 
conductor  is  J  V2,  consequently  to  have  the  same  current  density,j 
which  is  the  condition  of  maximum  efficiency,  its  cross-section 
must  be  V^  times  that  of  either  of  the  others,  and  its  resistance 
is  r-*-  V2  in  which  r  is  the  ohmic  resistance  of  one  of  the  outer 
wires.  The  loss  of  power  for  each  of  the  latter  is  /  V,  and  for  the 
middle  wire  it  is  2  iV-«-  V2  =  ?  V  V2,  hence  the  total  loss  in  the 
three  wires  is  2/V+  *VV2  =  / V{2  +  V2)  =  /V(2  -f  V2)+  4|fl 
since  i—  I ^  %  The  loss  in  the  equivalent  single-phase  circuit  is 
2PR,  in  which  R  is  the  resistance  of  one  of  the  conductors, 
this  must  be  the  same  as  the  loss  for  the  two-phase  system ;  heni 


I 


4  2+  V2 
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THerefore  each  outer  wire  must  be  (2  +  V2)  -i-8  times,  and  the 

middle  wire  V2(2  -}-  V2)  -h  8  times  as  large  as  each  single-phase 

conductor.     It  follows  that  the  weight  of  copper  in  the  two-phase, 

V,        .   2(2+  V2)  ^(2+  V2)V2       ,.,- 
three-wtre  conductors  ts  —^ — '-  +  ^ 5— ^ —  1.457  com- 

pcired  with   2  for   the    single-phase ,  two-wire  system,  or  in  other 
zucrds  is  72.9  per  cent  as  great  at  the  same  minimum  voltage.     If 
tViis  comparison  is  made  on  the  basis  of  maxijnum  voltage,  it  is 
necessary  to  make  the  potential  difference  between  the  outer  con- 
ductors equal  to  that   in  the  single-phase,  two-wire  circuit,  hence 
the  voltage  between  either  outside  wire  and  the  common  return  is 
I      (^ -f  V2,  and  the  current  in  each  branch  i^  =  I  -^  V2,  so  that  the 
power  in  both  branches  is  2  (K-?-  ^f2}{/-h  V2)  =  17,  which  is 
the  same  as  that  in  the  single-phase  system.     The  current  in  the 
common  return  is  /j  V2  =  /,  and  its  resistance  should  be  n  -t-  V2 

ttf  'i  is  the  resistance  of  each  outer  wire.     The  total  loss  is 


This  must  be  equal  to  2/^R,  the  loss  in  the  single-phase,  hence 
2  '      2+  V2 


I 


I 
I 


2  -*-    V2 
That  is,  each  outside  wire  requires — ~  times,    and  the 

(2  -f-  V2)   V2 

tniddle  wire  ^— — ^ ^  times  as  much   copper   as  each  of  the 

4 

single-phase  conductors. 

Hence  the  total  system  demands 

2r2+  V2)      (2  -I-  V2)  V2 

-^— I +  -  ^    =  2.914  compared  with  2  for  the  sin- 

gle-phase, or  1.4.57  times  as  much  copper;  that  is,  fhe  tivo-phase 
three-wire  system  requires  4t5.7  per  cent  more  copper  than  the  two- 
phase  at  tlie  same  maximum  voltage. 

Considering  a  three-phase,  three-wire  system  {p.  145),  having  a 
voltage  V  between  the  lines  measured  as  A  potential,  the  current 
in  each  line,  or  Y  current,  is  /j,  and  the  current  from  line  to  line, 
or  A  current,  is  4  -4^  V3.  Hence  the  total  power  in  all  three 
branches  is  3  Vi^  -!-  V3  i^  Vi^  V3,  and  if  this  is  to  equal  V!,  the 
power  of  the  single-phase  circuit,  then  [7=  F/,  VS,  or  i^^I -^  VS. 


■       K"" 
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If  fj  is  the  resistance  of  each  three-phase  conductor,  then  the  loss 
per  wire  is  /^r,  -*-  3,  and  the  total  loss  is  /V^  while  in  the  single* 
phase  system  it  is  ^I'^R.  Hence,  to  get  the  same  loss,  /Vg  =  2/^7?, 
or  r  =  2^  ;  that  is,  each  three-phase  wire  has  twice  the  resistance 
and  half  the  copper  of  each  single-phase  conductor,  or  in  other 
words,  the  three-phase,  three-tvire  system  requires  lb  per  cent  as 
mneh  e upper  as  the  single-phase  at  the  same  maximum  vo/tage.  In 
the  three-phase,  three-wire  system,  with  the  lamps  connected  be- 
tween the  neutral  point  and  the  three  outer  wires,  —  that  is«  in  Y 
fashion  (p.  144),—  the  voltage  between  the  outer  wires,  or  A  poten- 
tial, will  be  FV3,  if  f"is  the  lamp  or  K  voltage.  In  other  words, 
the  potential  between  lines  is  raised  from  Vto  FVS  ;  and  since  it 
has  been  shown  previously  that  the  weight  of  copper  is  inversely 
as  the  square  of  the  voltage,  the  weight  of  copper  for  the  three 
wires  will  be  one-third  as  great  as  in  the  preceding  case,  and  J  ^  J 
=  I  as  much  as  for  the  two-phase.  The  addition  of  a  fourth  or  ■ 
neutral  conductor  (Fig.  166)  will  increase  this  to  |  x  :^  =  J,  so 
that  the  three-phase^  four-wire  requires  33.3  per  cent  as  muck  copper 
as  the  single-phase^  two-wire  system  at  the  same  minimum  voltage. 

The  monocyclic  system,  when  supplying  lamps,  is  practically 
the  same  as  a  single-phase  circuit  (p.  208);  and  most  of  the  energy 
for  motors  is  carried  by  the  two  main  conductors,  except  in  starting, 
when  the  auxiliary  wire  furnishes  a  certain  amount  of  current.  If  ■ 
the  extra  wire  is  omitted  on  certain  circuits,  then  the  copper  re- 
quired is  the  same  as  for  the  single-phase,  two  wire  system.  If  the 
third  wire  is  one-half  as  large  as  each  of  the  other  two,  then  the 
monocyclic  calls  for  125  per  cent ;  and  if  the  three  conductors  are 
all  of  the  same  size,  then  the  copper  demanded  is  150  per  cent  of 
that  used  by  the  single-phase  circuit.  Hence  the  monocyclic  system 
requires  as  mtuh  copper  as  an  equal  voltage  single-phase,  two-wire 
system^  plus  the  copper  in  the  auxiliary  cotuluctor. 

This  table  is  issued  by  the  General  Electric  Company,  and  gives 
in  convenient  form  the  constants  to  be  used  in  calculating  over- 
head electric  transmission  lines,  the  various  quantities  having  the 
following  significance  :^ 


J 


r  =:  Ohmic  resistance. 

L  ~  Inductance  in  milhenrys  per  IMOfeet  of  conductor. 
C=  Capacity  in  microfarads  per  ICKKJ  feet  of  conductor. 
/p=  Charging  current  at  100  cycles  and  10,00fl  volts  to  neutral,  that  U,  in » 
20,000  volt  single-phase,  and  a  17,300  volt  three-phase  line. 
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io=2  X  tX  frequency  X  CX  £  X  10  — <;  where  E  is  the  E.M.K  between  a 
Rae  and  neutral. 

X  =  reactance  =  li  X  r  X  frequency  X  L  X  10— «. 

The  E.M.F.  consumed  by  resistance  r,  of  the  line,  is  =  Jr,  and  in  phase  with  the 
torrent  / 

The  E.MJ'.  consumed  by  the  reactance  x, of  the  line,  is  =  /jt,  and  in  quadrature 
rith  the  current  /. 

The  E,M.F.  consumed  in  the  line  is  neither  /r  nor  Jx,  hut  depends  u[x>n  the 
pbase  relation  of  current  in  the  receiving  circuit. 

The  loss  of  energy  in  the  Une  is  =  /V,  hence  does  not  depend  upon  the  reac- 
tance, but  only  up>on  the  resistance. 

Two  wires  in  parallel  have  ihe  same  resistance  and  ahout  half  the  reactance  (if 
*trungon  jteparate  insulators  and  intermixed)  of  a  single -vkiie  of  double  cross-section. 
T*hus  tepladng  one  No.  WW  wire  by  two  No.  0  wires. the  resistance,  weight  of  cop- 
per, etc.,  will  remain  the  same,  but  the  reactance  will  be  reduced  practically  to  half,  so 
wHere  lower  reactance  is  desired,  the  use  of  several  conductors,  strung  on  indepen- 
dent  insulators  and  intemiixed,  is  advisable, 

^The  values  given  for  Z,  C  /p,  aud  x  are  calculated  for  sine  waves  of  current  and 
IJNE    OONBTANTS    FOR    E1.£OTRIO    TRANSMISSIOK. 
Pbk  ItWO  F«aT  UK  Each  WtHK. 
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The  above  figures  apply  to  parallel  wires  that  are  18  inches 
^part,  but  are  not  much  modified  by  moderate  chang^es  in  intera.xial 
<iistance.     For  example,  the  inductance  L  is  decreased  about   10 


per  cent  when  the  wires  are  12  inches  apart,  and  is  increased  about 
10  per  cent  when  they  are  put  30  inches  apart  A  similar  change 
would  he  produced  in  the  reactance  ^tt/L.  The  capacity  C  and 
charging  current  i^  are  increased  about  10  per  cent,  if  the  inter- 
axial  distance  is  reduced  to  12  inches ;  and  is  decreased  about  10 
per  cent  when  it  is  raised  to  30  inches.  For  wires  placed  close 
together  in  cables,  the  inductance  and  reactance  would  be  greatly 
reduced,  and  the  capacity  and  charging  current  greatly  augmented, 
so  that  their  values  in  the  table  would  not  be  even  approximately 
true.  In  such  cases,  or  whenever  there  may  be  any  doubt,  the 
genera!  formulae  for  inductance  and  capacity,  given  on  pages  129 
and  137  respectively,  should  be  used.  The  table  on  page  ISO 
shows  the  inductance  of  wires  from  No.  .0000  to  No.  12,  and  for 
interaxial  distances  from  3  to  90  inches. 

The  equations  on  page  138  give  results  for  capacity  that  are 
twice  as  great  as  those  found  in  the  above  table,  the  reason  being 
that  each  conductor  is  considered  separately  with  respect  to  znv 
potentialy  which  w^ould  ordinarily  exist  at  a  point  midway  between 
two  wires  forming  a  circuit  ;  whereas  the  equations  (p.  138)  give 
the  capacity  with  respect  to  the  other  wire^  which  is  one-half  as 
much.  The  calculated  charging  current  would  be  the  same  in  both 
cases,  because  the  total  voltage  would  be  used  in  one  instance,  and 
the  potential  with  respect  to  zero  is  taken  in  the  table.  The  latter 
plan  is  generally  better.  Other  convenient  tables  issued  by  the 
General  Electric  Company  are  given  below.  They  apply  particu- 
larly to  overhead  circuits  with  wires  18  inches  apart,  and  are  suffi- 
ciently accurate  for  most  practical  purposes,  when  the  distance 
between  wires  is  approximately  that  amount.  If  the  conductors 
are  less  than  18  inches  apart,  the  loss  in  voltage  is  lower  than  that 
given  by  the  formulae,  and  if  they  are  close  together,  as  in  cables 
or  interior  wiring,  the  loss  will  be  only  that  due  to  resistance. 

The  following  general  formula;  may  be  used  to  determine  the 
size  of  copper  conductors,  current  per  conductor,  volts  loss  in  lines, 
and  weight  of  copper  per  circuit  for  various  systems  of  electrical 
distribution. 

Area  of  conductor,  Circular  Mils  =- — p p\~"  f^^ 

Wx  T 
Current  in  main  conductors  ^—^ —  •  *  (78) 
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Volts  loss  in  lines  = 


(79) 
(80) 


100 
2>»  X   JFx  ATx  A 
Lbs.  copper  =  ^  ^^i  ^  i^qOO.OOO  " 
^=  Total  watts  delivered. 
^  =  Distance  of  transmission  (one  way)  in  feet. 
P  =  Loss  in  line  in  per  cent  of  power  delivered,  that  is  of  W. 
£  =  Voltage  between  main  conductors  at  receiving  or  consumer's 
end  of  circuit. 
For  continuous  current  Ar=  2160,  7^=1,  M=  1,  and  A  =  6.04. 
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The  value  of  K  for  any  particular  power  factor  is  obtained  by 
dividing  2160,  the  value  for  continuous  current,  by  the  square  of 
that  power  factor  for  single-phase,  and  by  twice  the  square  of  that 
power  factor  for  three-wire,  three-phase,  or  four-wire,  two-phase. 

The  value  of  M  depends  on  the  size  of  wire,  frequency,  and 
power  factor.  It  is  equal  to  1  for  continuous  current,  and  for 
alternating  current  with  100  per  cent  power  factor  and  sizes  of 
wire  given  in  the  preceding  table  of  wiring  constants. 

The  value  of  T  depends  upon  the  system  and  power  factor.  It 
is  equal  to  1  for  direct  current  and  for  single-phase  current  of  100 
per  cent  p<jwcr  factor. 

The  value  of  A  and  the  weights  of  wire  in  the  table  are  based 
upon  .00000302  lb.  as  the  weight  of  one  mil  foot  of  copper. 

It  should  be  observed  that  P  stands  for  the  per  cent  loss  of  the 
dclivircd pozver,  and  n(.>t  the  per  cent  loss  of  the  power  at  the  gen- 
erator ;  and  that  E  is  the  potential  at  the  end  of  the  line,  and  not 
at  the  generator. 

When  the  power  factor  cannot  be  more  accurately  determined, 
it  may  be  assumed  to  be  as  follows  for  any  alternating  current  sys- 
tem operating  under  average  conditions  :   Lighting  with  no  motors, 
95  per  cent ;  lighting  and  motors  together,  85  per  cent  ;  motors 
alone,  80  per  cent     The  size  of  wire  in  (77)  is  for  i-ach  of  the  main 
or  outside  conductors  of  a  given  system,  for  example,  the  three 
wires  of  a  three-phase,  the  four  wires  of  a  two-phase,  or  the  main 
two  wires  of  a  monocyclic  system.     The  neutral  wire  in  the  three- 
wire  system  for  direct  (p.  72)  or  alternating  currents  (p.  11*'2)  may 
in  the  case  of  feeders  be  made  one-half  or  one-third  size,  or  omitted 
entirely  (p.  76),  depending  Ujion  how  well  the  system  may  be  bal-j 
anced.     For  local  or  secondary  circuits  it  should  generally  be  the" 
same  size  as  each  of  the  main  wires.     These  statements  also  apply 
to  the  middle  wire  of  the  four-wire^  three-phase  arrangement  (Fig. 
166).     The  size  of  the  au.xiliary  conductor  in  the  monocycUc  sy 
tem  should  be  in  the  same  proportion  to  either  main  wire  as  th 
motor  load  in  amf»eres  is  to  the  total  load  in  amperes. 

A  simpb  method  of  calculating   the   drop  and  other  data 
alternating    current    circuits   is    represented    in    Fig.    181,    bein; 
derived  from  the  little  book  on  Altentating  Current    Wiring  a 
Distribution,  by  W.  L.   R.  Emmet.     Assume  a  case  where  600 
incandescent  lamps,  of  57.5  watts  each,  arc  to  be  fed  from  the  sec- 
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ondaries  of  transformers  of  different  sizes>  being  half  loaded  on  the 

average.     The  primaries  are  supplied  by  two  No.  2  wires  from  the 

generator  two  miles  distant^  the  wire^  being  18  inches  apart,  and 

the  frequency  of  125  periods  per  second.     The  voltage  of  the 

lamps  is  100,  and  the  ratio  uf  transformation  is  10,     In  Fig.  181 

the  horizontal  lines  represent  energy  components,  and  the  vertical 

lines  inductive  components  of  EM.F.     For  the  sake  of  uniformity 

tile  lamp  voltage  is  multiplied  by  10,  the  ratio  of  transformation 

Qiaking  1000  volts,  which  is  represented  by  the  horizontal  line  AB^ 

Since  incandescent  lamps  are  practically  non-inductive.     Assuming 

the  secondary  wiring  to  have  an  energ)-  loss  of  3  per  cent,  BC  is 

*^d  off  as  30  volts,  and  an  inductance  component  CD,  of  the  same 

^ount.     (Both  of  these  are  rather  \\\^  values.)     Take  the  resist- 

^ce  in  the  transformers  at  1  per  cent,  and  the  inductance  loss  at 


6Z 


t 


-■J 


B   C  E 

Fig.  t8T,    eraphhat  Oaitmfation  of  AtterHattng  Gurrtnt  Circuit 

^ne-half  load  as  12.5  per  cent  of  AD,  or  about  13  per  cent.  Hence 
we  lay  off  DF  =  10  volts  to  represent  resistance,  and  FG  =  130 
volts  to  represent  inductive  loss  in  the  transformers.  If  there  were 
no  losses  in  the  transformers,  the  current  received  by  them  would 
be  28.75  amj>eres,  but  with  5  per  cent  iron  loss  at  half-load  this 
becomes  30.19  amperes.  The  resistance  of  four  miles  of  No.  2 
wire  from  the  table  on  page  8  is  .15fi  x  5.28  x  4  =  3.3  ohms, 
and  the  reactance  at  125  cycles  is  .249  X  5.28  x  4  =  5.25  ohms. 
To  this  we  add  15  per  cent  for  distortion  of  current  waves,  making 
6.04  ohms.  The  resistance  drop  is  30.19  x  .33  =  99  volts,  and 
the  reactance  drop  is  30.19  x  6.04  =  1.82  volts,  which  are  laid  off 
as  (9//and  y/AT.  Hence  the  line  ^/T  represents  the  FJf.F  re- 
quired  at  the  generator  terminals,  being  1188  volts.  Extending 
K/f  to  /,  we  have  4/ the  total  energy  component  of  1139  volts, 
therefore  the  real  power  in  the  circuit  is  11.39  x  30.19  =  34,300 
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watts,  while  the  volt-amperes  at  the  generator  are  35,800,  so  that 
an  alternator  of  36  k.w.  capacity  will  be  required  ;  but  the  power  to 
drive  it,  assuming  its  efficiency  at  90  per  cent,  will  be  34.3  + 
.90  =  38  k.w.,  or  51  h.p.  The  generator  should  be  overcom- 
pounded  about  19  per  cent  to  be  self-regulating. 

Arithmetical  Determination.  —  The  same  result  that  has  been 
obtained  graphically  may  be  found  arithmetically,  as  follows : 

EXXBOT         iNDnCTAKCK     CUHBEXT  W 

Component    Component      Ampkbes. 
IN  VoLTi.       IN  Volts. 

Lamps  brought  to  basis  of  1000  volts    .    .    .        1000  28.75 

Secondary  wiring  with  3  per  cent  reastance 

and  3  per  cent  inductance  loss 30  30 

1030  30 

Transfoimer  re»stance  loss  of  1  per  cent  .    .  10 

"            inductance  loss  of  12.6  per  cent 
of  volts  at  secondary  terminals  ....  130 

Primary  current  increased  6  per  cent  by  core 
loss  at  half-load 1.44 

Line  current 30.19 

Line  resistance  loss  3.3  X  30.19 00 

««   inductance  loss  6.04  X  30.19     ....  182 

1139  342 

Taking  the  square  root  of  the  sum  of  the  squares  of  1139  and 
342,  we  find  1188  volts  to  be  the  E.M.F.  pressure  at  the  generator 
terminals,  being  the  same  as  obtained  by  measurement  in  Fig.  181. 
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CHAPTER   XIL 


OVERHEAD    CONDUCTORS. 


The  term  overhead  conductors  is  applied  to  aerial  electrical 

^'^res  or  cables  carried  on  poles  or  upon  brackets  or  other  supports 

^^ta-ched  to  buildings.     The  same  general  coiistruction  is  used  for 

^^legraph  and  telephone,  as  well  as  for  electric  light  and  power 

lines  ;  but  the  parts  are  usually  heavier,  and  the  insulation  higher, 

^'^    the  case  of  the  two  latter,  because  of  the  larger  size  of  the 

Conductors  and  the  more  powerful  character  of  the  currents. 

■  Materials  for  Overhead   Conductors. —  For  electric  light  and 

^r*<->\ver  purposes  copper  is  generally  employed,  and  has  now  largely 

Supplanted  iron  wire  even  for  telegraph  and  telephone  lines.     The 

^^ct  that  hard-drawn  copper  has  a  tensile  strength  of  60,000  to 

t"*" 0,000  lbs.  per  square  inch,  compared  with  25,000  to  35,000  for 
soft  or  annealed  copper,  makes  it  especially  suitable  for  overhead 
^Construction.  On  the  other  hand,  the  specific  resistance  of  hard 
*^opper  is  from  2  to  4  per  cent  greater,  and  it  is  much  more  brittle, 
So  that  it  is  not  used  for  underground  conductors  or  interior  wiring 
'^'Here  its  greater  tensile  strength  is  not  of  much  advantage.  The 
feot  that  it  is  far  less  flexible  makes  it  awkward  to  handle  ;  conse- 
*^Uently,  hard  copper  is  not  convenient    even    for  overhead    con- 

Iotictors  when  they  are  of  large  size,  or  are  covered  with  insulation. 
■^Hc  resistances,  weights,  and  other  data  of  copper  wires  are  given 
On   pages  8  and  15,  and  iji  Chapter  XI. 

Aluminum  has  a  specific  resistance  about  .6  that  of  copper, 

I        "^oth  being  of  pure  commercial  quality,  therefore  the  sectional  area 

B    ^^    equivalent    conductors    would    be   about    1.67    times   and   the 

^^metcr  1.3  times  greater  for  aluminum.      The  specific  gravity 

^^  aluminum  is  about  2.7,  and  of  copper  8.89  (page  8),  so  that  an 

^^ual  volume  of  the  latter  weighs  3.3  times  as  much.     A  copper 

^"^e  would  be  (3.3  H-  1.67  =  2)  about  twice  as  heavy  as  an  alumi- 

^^m  wire  of  the  same  length  and   resistance.     This  is  a  great 
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advantage  for  overhead  conductors,  since  it  reduces  the  weight 
poles,  cross-arms,  insulators,  etc.,  by  one-half. 

The  tensile  strength  of  aluminum  wires  is  about  20,000  to 
30,000  lbs.  per  square  inch  ;  but  the  addition  of  a  small  percentage 
of  copper  increases  this  considerably,  and  alloyed  with  2^^  per  cent 
of  copper  it  becomes  nearly  40,000  lbs,  per  square  inch.  On  the 
other  hand,  the  resistance  is  increased  about  20  per  cent,  so  that 
the  advantage  is  doubtful  Furthermore,  it  has  been  found  in 
practice  that  wires  made  of  these  alloys  are  likely  to  break,  even 
when  the  tests  of  a  sample  show  an  ample  tensile  strength.  This 
is  due  to  the  difficulty  of  making  perfect  alloys  of  akmiinum, 
because  the  light  metal  docs  not  readily  form  a  thorough  and 
homogeneous  mixture  with  the  copper,  which  has  a  density  3.3 
times  greater.  The  result  is  that  flaws  seem  to  exist  at  certain 
points  on  the  wire,  and  a  break  may  occur  without  excessive  strain. 
In  a  case  cited  by  Mr.  P.  N.  Nunn  •  an  average  of  one  break  ptf 
span  occurred  on  a  long  transmission  line  composed  of  aluminum 
alloy. 

The  following  data  for  commercially  pure  aluminum  wire  are 
taken  from  the  paper  itself,  and  agree  closely  with  those  already 
given : 


I 


Diameter  of  aluminum  wire      .     •    . 

Wt.  per  mile 

Resistance  per  mil  foot  .  .  .  .  , 
Resistance  per  mile  at  25*  C.  .  .  . 
Conductivity  compared  with  copper 

Tensile  strength  of  wire 

No.  of  twists  in  six  inches  for  fracture 
Tensile  strength  per  square  inch  ,     . 


203,1?  mils. 
4 10.4  ll>s. 
17,«  ohms  at  25«»C. 
1.0(»77;i  ohms. 
6fl,»%  by  dimension. 
1519  lbs. 
.     17,a 
32808. 


1 


Comparing  this  with  copper,  it  is  seen  that  this  wire  is  approX' 
imately  the  same  as  copper  in  the  following  sizes  :  — 


Size  of  aluminum  wire  =  No.  1  B.  &  S.  copper. 
Resistance  of       "      "     =  No.  3       "  •• 

Tensile  strength  **      •«     =  No.  6       "  " 

Weight  of  «      "    =  No.  8      » 


i 


Tlierefore  on  the  basis  of  the  same  conductivity  the  aluminum 

compares  with  copper  as  follows  :  —  ^ 

•  Discussion  of  a  paper  "  On  the  Use  of  Aluminum  Line  Wire,"  by  Perrine  and 
Baum,  Tram.  Amer,  Ituf.  EUc.  Eng.  May,  1900. 


A 
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Diameter  for  the  same  conductivity  1.27  times  copper. 
Area  «      "      «  "  1.64       ^ 

Tensile  strength      "  "  .629    "  •• 

Weight  "  "  .601     " 


\ 


The  number  of  twists  necessary  for  fracture  varies  considerably, 
although  the  ductility  test  of  uTapping  six  times  around  its  own 
diameter,  unwrapping  and  wrapping  again,  is  well  sustained.  This 
irregularity  in  the  twisting-test  is  generally  a  mark  of  impurity  in 
wire ;  but  we  know  so  little  as  yet  of  the  exact  characteristics  of 
aluminum  in  particular,  and  the  twisting-test  is  in  general  so 
Unreliable,  that  it  is  unsafe  to  base  any  exact  statement  on  this  one 
test,  particularly  as  the  wire  after  erection  proved  reliable.  In 
carefully  performing  the  test  for  tensile  strength,  no  exact  point 
could  be  assigned  for  the  elastic  limit,  as  the  metal  seemed  to  take 
^  permanent  set  almost  from  the  first  ;  but  at  a  stress  of  from 
14,500  lbs.  to  17,000  lbs.  per  square  inch,  there  is  a  marked  increase 
in  the  permanent  set  which  indicates  that  the  safe  working-load  lies 
Somewhere  in  this  region.  In  this  the  characteristics  of  ahimi- 
rium  do  not  differ  materially  from  those  of  copper  or  other  similar 
n^etals ;  and  while  this  is  a  disadvantage,  it  is  not  a  singularity. 
The  fact  that  the  wire  will  permanently  elongate  if  seriously 
strained  makes  it  necessary  to  use  the  utmost  care  in  the  erection 
of  lines,  and  also  the  knowTi  high  coefficient  of  expansion  with  tem- 
perature changes  taken  in  conjunction  with  this  property  renders 
^^3j-e  in  line-stringing  especially  important  and  difficult.  The 
greatest  care  must  be  taken  against  kinking  or  scarring  the  wire ; 
"^^herever  the  wire  is  accidentally  kinked  or  scarred,  it  must  be  cut 
^^d  spliced. 

One  of  the  most  serious  problems  in  connection  with  the  use 

^f   aluminum  is  in  the  choice  of  a  proper  joint.     This  metal  is  so 

^Vghly  electro-positive  that  it  is  unsafe  to  expose  it  to  the  elements 

^    contact   with  any  other  material,  as  electrolytic   corrosion  is 

almost  sure  to  follow  such  construction.      Many  of  the  failures 

'^liich  have  been  reported  of  this  metal  have  been  due  to  a  neglect 

*^f  this  fact.     Whenever  this  metal  is  soldered,  or  used  in  contact 

^'ith  any  other  metal,  the  joint  should  be  thoroughly  waterproofed 

^o  prevent  such  action.     Without  such  protection  the  joints  may 

^  made  by  slipping  the  ends  of  the  wire  into  an  oval  aluminum 

^^bc  about  nine  inches  long,  which  is  then  twisted  about  two  and 
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ycd  in   f 
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a  half  turns,  with  a  pair  of  clamps  similar  to  those  employed 
twisting  the  Mclntire  connector.     The  joint  produced  is  pnctically 
equal  to  the  original  wire  in  both  tensile  strength  and  electrical 
conductivity. 

Tests  made  at  the  Columbia  University  showed  the  fusing 
points  of  pure  aluminum  wires  suspended  horizontally  in  the  o|5en 
air  to  be  ISO  amperes  for  No.  8,  135  ann:ieres  for  No.  10,  and 
60  amperes  for  No.  14  A,  W.  G.  For  aluminum  alloyed  with 
1  per  cent  copper,  the  fusing-points  were  163  amperes  for  No.  8, 
and   54   amperes  for  No.  14  wire. 

The  use  of  aluminum  as  an  electrical  conductor  may  be 
summed  up  as  follows:  It  is  especially  advantageous  for  bare 
overhead  lines,  because  it  weighs  only  one-half  2&  much  as  copper 
for  the  same  resistance  and  length,  thus  reducing  to  one-half  the 
weight  to  be  carried  by  insulators,  cross-arms,  and  poles.  Its  ten- 
sile strength  is  about  one-half  as  great  as  that  of  copper  ;  but  its 
specific  gravity  is  less  than  one-third  (.3)  as  much,  so  that  it  has 
an  advantage  in  this  respect  also.  On  the  other  hand,  its  diameter 
is  1.3  times  that  of  an  equivalent  copper  wire,  so  that  it  exposes  cor- 
respondingly greater  surface  to  wind  surface  and  to  the  accumulation 
of  ice.  The  electrostatic  capacity  of  an  aluminum  line  is  higher  than 
ff>r  copper  of  the  same  resistance  and  length  on  account  of  its  greater 
diameter,  as  is  evident  from  the  formulae  on  pages  137  and  1S8  J 
But  the  capacity  being  a  logarithmic  function  of  the  diameter 
would  not  be  much  augmented  by  increasing  the  latter  by  30  per 
cent.  For  example,  the  diameter  of  No.  1  wire  is  42  per  cent 
greater  than  that  of  No.  4  wire ;  but  the  capacity  of  a  circuit  com  J 
posed  of  two  of  the  former,  placed  18  inches  apart,  is  only  74  pcr^ 
cent  greater  than  if  the  latter  were  used.  For  overhead  lines  the 
electrostatic  capacity  of  an  aluminum  conductor  would  not  be  more 
than  about  5  per  cent  higher  than  that  of  an  equivalent  copper 
wire.  Moreover,  capacity  does  not  play  an  imjKyrtant  part  except  _ 
in  very  long  transmission  lines.  | 

Aluminum  is  also  a  very  suitable  material  for  'bus  bars  or  other 
conductors  that  do  not  require  to  be  covcn-d  with  insulation  ;  or  in 
other  words,  hare  conductors  that  arc  carried  upon  insulating  sftp- 
portSi  which  applies  to  overhead  lines  as  well.  In  such  cases  the 
fact  that  aluminum  would  have  about  30  per  cent  more  surface  is 
an  advantage  in  dissipating  heat 
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On  the  other  hand,  if  aluminum  conductors  are  to  be  covered 
with  insulating  material,  as  in  the  case  of  ordinary  wiring  in  build- 
ings, or  especially  with  underground  and  submarine  cables,  then 
the  fact  that  30  per  cent  greater  diameter  and  circumference  are 
required  is  a  disadvantage,  since  it  increases  the  cost  of  insulation 
in  about  the  same  proportion.  The  lead  covering  or  iron  armor  of 
cables  would  also  be  correspondingly  augmented  in  weight  and 
cost,  and  the  space  occupied  would  be  greater  to  the  extent  of 
about  67  per  cent  in  cross-section. 

Sag  and  Stress  in  Overhead  Conductors.  —  A  wire  suspended 
freely  between  two  supp<3rts  hangs  in  a  curve  called  a  catenary. 
The  exact  determination  of  the  sag  and  other  facts  is  somewhat 
difficult ;  but  for  electrical  lines  in  which  the  sag  is  usually  small 
compared  with  the  span,  very  closely  approximate  results  may  be 
obtained    by   assuming   the 
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cur\'e  to  be  a  parabola.  A 
''^ire  stretched  between  the 
points  A  B  may  be  repre- 
sented by  the  parabolic  curve 
A  E  B.  The  horizontal  distance  A  C  B  is  called  the  span  H  in 
feet^  the  vertical  distance  D  is  the  deflection  or  sag  of  the  lowest 
point  in  feet,  L  is  the  actual  length  of  the  wire  measured  along  the 
<^rve ;  T  is  the  tension  in  pounds  in  the  wire  at  its  lowest  point, 
^nd  W'\'?  the  weight  of  the  wire  m  pounds  per  foot.  We  have  the 
f^ollowing  approximate  relations  :  — 


Z>== 


r= 


ST  ' 
If  IV 


L  =  H  + 


3jy 


■  With  a  given  span  H  the  tension  Z  is  a  minimum  when  the 
^^g  D  is  one-third  of  H.  In  practice,  the  sag  is  made  much  less 
^Vxan  this,  being  usually  one  to  two  per  cent  of  the  span,  in  order  to 
^Void  the  strains  and  chances  of  making  contact  with  other  wires 
^Ue  to  excessive  swinging. 

Expansion  and  contraction  by  changes  of  temperature  produce 
^^nsiderable  effect   upon  the  sag  and  tension  of  overhead   wires. 
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For  this  reason  a  greater  sag  should  be  allowed  for  wires  laid  ixi 
warm  weather,  in  order  to  allow  for  the  contraction  in  winter. 
The  actual  length  A,  of  a  copper  wire  at  a  given  temperature  /in 
centigrade  degrees  compared  with  its  length  at  20^  C  is  given  by 
the  following  expression  :  — 

Z,  =  L^  [1  -h  .000017  (/  -  20)]  (84) 

The  sag  with  the  increased  or  decreased  length  may  be  found 
by  solving  (83)  for  /?,  which  gives : 


D  =  \/tE(L,-H) 


(85) 


The  following  table  may  also  be  used  for  determining  the  vari- 
ations in  sag,  due  to  temperature  changes.  The  sag  in  inches  is 
given  for  every  10°  between  30°  and  100°  F,,  being  the  limits 
between  which  lines  are  likely  to  be  laid. 
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SrAMS  IK 

Fbxt. 

Trmprraturb  in  Drgrrrs  Fahrbnmrjt. 

-10° 

80* 

40» 

50- 

600 

TOO 

80° 

W 

1W» 

DBrLBCTIOMft  IH  IhCMBS. 

50 

.5 

6 

8 

0 

.     0 

10 

11 

11 

12 

60 

.7 

8 

10 

11 

11 

12 

13 

13 

14 

70 

1. 

10 

11 

12 

13 

14 

16 

15 

17 

80 

L2 

11 

13 

]4 

16 

16 

17 

18 

10 

00 

1.6 

1.1 

14 

15 

17 

18 

19 

20 

21 

IW) 

l.H 

n 

ItJ 

17 

19 

20 

21 

23 

24 

110 

2.3 

16 

18 

10 

21 

22 

24 

25 

26 

120 

2.8 

17 

19 

21 

22 

24 

26 

27 

28 

140 

3.7 

20 

23 

25 

27 

28 

30 

32 

3;* 

IfK) 

4.9 

23 

25 

28 

30 

32 

34 

86 

38 

180 

Wi 

26 

20 

32 

34 

37 

30 

41 

43 

2U0 

7.7 

31 

33 

36 

38 

41 

43 

45 

48 

i 
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HRrd-drawn  copper  wire,  €0,000  poirnds  strength  per  aqiore  inch. 
StrcM  at  —  l£P  F.,  30,000  pounds  per  sqiure  inch. 

At  — 10°  F.  the  sag  is  reduced,  by  the  contraction,  to  the  very 
small  values  shown  in  the  table;  and  the  tension  in  the  wire  is 
raised  to  30,000  lbs.  per  square  inch,  which  is  rather  too  near  the 
breaking    stress,   assumed   to   be   G0,000   lbs.    per  square  inch. 
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Hence  it  appears  that  the  sag  of  about  1.7  per  cent  at  70^  F., 
upon  which  the  table  is  based,  gives  excessive  tension  if  an  over- 
head line,  even  of  hard-drawn  copper,  is  exposed  to  temperatures 
of  ^10"  F.  or  less. 

I  The  stretch  which  occurs  in  wires  considerably  modifies  the 
results  obtained  by  calculations,  using  the  ordinary  formulae.  This 
is  particularly  true  of  soft-drawn  copper  and  aluminum,  which  show 
some  permanent  elongation  with  any  considerable  tension  applied 
to  them,  and  do  not  seem  to  have  a  definite  elastic  limit,  like  steel. 

Poles.  —  In  most  cases  wooden  poles  are  employed  to  support 
overhead  electrical  conductors.  But  in  some  countries,  notably  in 
India,  iron  poles  are  used  almost  exclusively  for  telegraph  and  other 
electrical  lines,  because  wood  is  rapidly  destroyed  by  white  ants. 
This  is  tnie  of  most  other  tropical  regions.  The  form  of  iron 
pole  generally  adopted  is  hollow  and  tapering,  being  similar  in  its 
general  size  and  proportions  to  the  natural  wooden  pole,  but  some- 
what smaller  in  diameter  compared  with  length.  It  consists  of 
sheet  iron  riveted  together,  and  may  be  made  in  convenient 
lengths,  the  ends  of  which  are  fitted  into  each  other.  These  set 
into  a  cast-iron  base  or  sole  plate,  which  is  buried  in  the  ground. 
In  order  to  protect  the  iron,  it  should  be  galvanized  inside  and  out, 
and  should  also  be  treated  with  some  resinous  material  inside  and 
outside,  as  far  as  it  is  buried  in  the  earth.  The  insulators  are 
carried  on  iron  brackets,  which  are  bolted  to  the  pole,  making  a 
very  strong  and  neat  construction.  In  this  country  iron  poles  are 
made  of  sections  of  wrought  iron  pipe,  with  the  joints  either 
'*  swaged "  or  rusted.  Sometimes  for  use  as  anchor  poles,  iron 
lattice  construction  is  used. 

Iron  bases  or  sockets  are  often  employed  with  wooden  poles, 
icnabling  the  latter  to  be  made  smaller  in  diameter  and  straightcr. 
This  also  overcomes  the  objection  to  iron  poles,  due  to  the  fact 
that  they  offer  a  ground  connection  to  the  wires  or  to  the  work- 
men, which  in  the  case  of  the  latter  is  very  dangerous  with  high 
voltages. 

Wooden  Poles.—  Chestnut  is  a  very  good  material  for  this  pur- 
pose, especially  sawed  or  hewn  for  smaller  poles.  For  large  poles, 
pme  is  suitable  on  account  of  size  and  straightness ;  but  pine,  partic- 
■ularly  southern  pine  and  spruce,  are  not  as  durable  as  chestnut  or 
icedar.     The  latter  has  long  life,  but  is  rather   too  crooked  and 
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knotty  for  first-class  work^  where  appearance   is   important.    In 
California  sawed  redwood  is  recommended. 

Preservation  of  Timber.  —  Wooden  poles  for  electrical  lines  or 
other  exposed  timber  is  liable  to  be  destroyed  more  or  less  rapidly 
by  decay,  or  by  the  ravages  of  various  small  forms  of  animal  life. 
The  chief  cause  of  decay  is  the  fermentation  of  the  sap.  When 
located  continually  under  water,  wood  is  hardly  affected  by  decay, 
but  may  be  attacked  by  the  teredo  ttavalis,  or  other  animal  ene- 
mies. But  when  alternately  dried  and  wet,  or  when  buried  in  the 
earth,  it  is  especially  liable  to  decay.  To  prevent  it  various  things 
have  been  tried. 

1.  Eyanizing  consists  in  soaking  in  a  solution  of  about  three 
per  cent  corrosive  sublimate  (Hg   Cl^). 

2.  Burnettizing  consists  in  impregnating  timber  with  a  1  to 
3  per  cent  solution  of  zinc  chloride  (Zn  Cl^),  formerly  by  soaking, 
but  now  by  forcing  solution  into  the  pores  under  pressure.  Oak 
absorbs  about  10  and  pine  about  20  per  cent  of  its  volume. 

The  trouble  with  the  above  processes  is  the  dissolving  out  of 
the  antiseptic  salt,  and  various  means  have  been  devised  to  prevent 
it,  such  as  the  Thilmany  process,  in  which  zinc  or  copper  sulphate 
solution  was  first  forced  into  the  pores  and  then  barium  chloride 
solution  to  form  insoluble  barium  sulphate  (Zn  SO^  +  Ife  CI,  = 
Zn  CI,  +  Ba  SOJ.  The  Wellhouse  process  employed  glue  and 
tanninj  and  the  Hagen  process  used  gypsum  to  retain  the  salt  in 
the  wood, 

3.  Creosoting  consists  in  placing  the  timber  separated  by  laths 
on  cars  which  are  run  into  a  large  cylinder  closed  by  heavy  iron 
doors.  Live  steam  at  225°  to  250''  F.  is  turned  on  until  the  tim- 
ber  is  heated  through,  and  the  albumen  of  the  sap  coagulated. 
A  vacuum  is  then  formed  to  extract  the  sap,  ami  finally  the  cylin- 
der is  pumped  full  of  dead  oil  of  coal-tar,  a  measured  quantity 
being  introduced  under  a  pressure  of  about  100  lbs.  per  square 
inch.  The  amount  of  oil  is  generally  from  10  to  20  lbs.  per  cubic 
foot  of  timber^  the  oil  weighing  8.8  lbs.  per  gallon.  Besides  pos- 
sessing antiseptic  qualities,  the  oil  is  insoluble  in  water,  and  is  not 
washed  out  or  displaced  by  it.  The  oil  usually  only  penetrates  a 
little  below  the  surface,  hence  this  skin  should  not  be  remov 
by  subsequent  work  upon  the  timber. 

Creosotcd  telegraph  poles  in  England  showed  no  sign  of  dec 
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after  35  years.*  In  this  country  creosoted  railway  ties  last  about 
20  years  on  the  average.  Cresoting  also  protects  timber  from  the 
attacks  of  the  teredo  ttavalfs  and  the  limnoria  terebrans. 

4.  Carbolining  consists  in  treating  timber  at  a  temperature  of 
250**  F.  with  an  oil  called  carboiineum  avetiarins  (invented  by 
Captain  Avcnarius), 

5.  Vulcanizing  is  accomplished  by  heating  timber  in  closed 
cylinders  from  8  to  VI  hours  at  300°  to  500°  F.,  and  under 
a  pressure  of  150  to  200  lbs.  per  square  inch.  A  circulation  of 
heatetl  and  dried  compressed  air  removes  moisture  and  any  water 
that  does  not  take  part  in  the  chemical  reaction,  and  combine  with 
the  woody  constituents.  This  process  changes  the  character  of 
the  sap  so  that  it  does  not  ferment,  and  seals  up  the  pctres.  Tests 
at  Columbia  University  showed  an  average  increase  in  strength  of 
18.9  per  cent,  in  addition  to  prescrv^ative  effect. 

6.  Applying  pitch  or  tar  to  the  butt  of  a  pole  may  do  more 
harm  than  good,  as  it  confines  the  sap,  hastening  fermentation  and 
decay.  But,  alter  the  pole  has  been  standing  two  or  three  years, 
it  might  be  treated  in  this  way,  by  digging  around  it. 


fiya.  im  flrtrf  1BA. 


Poles  arc  35  to  60  feet  long,  but  are  sometimes  100  feet  or 
even  longer.  Those  of  50  feet  or  more  ai*e  usually  set  about 
one-tenth  of  their  length  in  the  ground,  but  for  shorter  poles  or  in 
soft  earth  they  are  sometimes  buried  to  the  extent  of  one-eighth  or 
one-sixth  of  their  total  length.     In  soft  ground  they  should  be 


•  N,  W.  L.  Brown  in  EUc.  Railway  GautU,  October  19.  1895. 
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surrounded  with  a  grouting  of  Portland  cement,  sand,  and  broken 
stone,  tamped  around  the  bottom  of  the  pole,  or  the  butt  of  the 
pole  may  be  set  in  a  barrel  filled  with  sand  or  firm  earth.  The 
standard  ijractice  is  to  put  from  40  to  50  poles  per  mile,  making 
spans  from  132  to  106  feet  each.     About  every  tenth  pole  should 


vm^mmEic^p^m 


Flea-  IBS  and  J 86. 

be  guyed  laterally,  to  prevent  wind  pressure  from  overthrowing 
them-  This  is  quite  likely  to  happen  ;  and  if  one  pole  falls  it  is 
likely  to  drag  down  the  next  one,  and  so  on  for  a  long  distance, 
unless  they  arc  supported  by  side  guys  at  reasonably  frequent 
intervals.     The  guys  usually  consist  of  several  strands  of  No.  6  or 


figs.   187  and  IBS,    Arntngtment  of  Quy$  for  Turnfnt  a  Corntr. 

8  iron  or  steel  wire,  which  is  more  easily  handled  than  the  larger 
wire  or  rods  that  are  sometimes  used.  They  may  be  made  simple, 
as  in  Fig.  183,  or  for  high  poles  they  have  the  Y  form  (Fig.  184). 
Fig.  185  shows  wire  guy  and  pole  brace.  When  a  pole  is  to  be 
made  very  secure  it  is  guyed  in  two  directions,  or  double  guyed. 
This  adds  greatly  to  the  stability  of  the  pole.     See  Fig,  186. 
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I         On    curves  or  at  corners  the  guys  should  be  more  frequent 

■  and    stronger,   being   placed    on   the    outer   side   of    the   curve. 

Methods  of  guyiiig  suitable  for  lines  that  turn  a  right  angle  at 

street  corners  are  shown  in  Figs.  187  and  188.     In  such  cases,  or 

where  lines  come  to  an  end,  as  in  front  of  an  electric  light  station. 


I 


fig.  1B9.    <3uyfng  of  Ttrmtnal  or  Ccrittr  Mt. 

the  last  two  or  three  poles  should  be  stronger  and  more  firmly  set 
than  the  others,  and  may  be  guyed  as  indicated  in  Fig.  189,  It 
is  also  well  if  the  last  one  or  two  spans,  A  B  and  B  C,  are  left 
somewhat  more  slack  than  usual,  in  order  not  to  bring  too  much 
strain  on  the  tenninal  pole. 

Cross-Arms  are  of  yellow  pine  or  oak,  being  usually  about  3^  x  4i, 
or  3^x4^  inches  for  smaller  sizes,  and  as  much  as  4gx5|  inches 
for  the  Niagara  transmission  line.  A  cross-arm  about  Z  feet  long 
is  used  for  two  insulators,  about  5  or  6  feet  for  4  insulators,  and  so 
on.  The  spacing  of  the  pins  is  about  4  to  6  inches  from  the  ends, 
24  to  30  inches  in  the  middle,  and 
12  to  18  inches  for  the  rest,  de- 
pending upon  the  size  of  insulators 
and  other  conditions. 

The  "gains"  or  flat  spots  on 
which  the  cross-arms  are  placed 
should  be  cut  in  the  pole  before  it 
is  set  up.  Ordinarily  these  are 
phced  about  24  inches,  center  to 
center.  The  cross-arms  should  be 
fastened  to  the  pole  by  two  bolts  or  lag  screws,  placed  diagonally 
in  order  not  to  split  the  wo«I,  and  are  braced  by  two  ir*>n  strap 
braces  also  attached  by  bolts  or  lag  screws,  as  represented  in 
Fig.  190.  The  cross-arms  should  be  put  alternately  on  opposite 
sides  of  the  poles  so  that  they  cannot  be  pulled  off  successively. 

Guard  Wires.  —  Where  one  set  of  overhead  electrical  wires  pass 


f/jr.   100.     Bracing  a  Croat- Arm. 
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under  another  set,  the  forraer  should  be  protected  by  guard 
An  arrangement  of  this  kind  is  represented  in  Fig.  191,  yJ^Cbeing 
the  galvanized  iron  or  steel  guard  wires  attached  directly  without 
insulation  to  a  cross-arm  or  to  the  top  of  the  pole.  These  guard 
wires  serve  to  pre\'ent  any  wire  that  may  fall  from  coming  in  con- 
tact with  the  electrical  conductors  carried  on  the  insulators  DE. 

Guard  Hooks.  —  A  hook  of  stout  iron  wnre  or  a  hoop,  as  indicated 
in  Fig,  192,  is  often  attached  to  the  cross-arm  to  catch  an  overhead 
conductor,  and  prevent  it  from  falling  in  case  the  insulator,  insula- 
tor pin,,  or  tie-mre  should  happen  to  break.  They  are  required 
especially  on  the  inside  of  curves  or  angles  in  the  line. 

In  this  connection  it  may  be  stated  that  electric  light  or  other 
conductors  carrying  high  voltage  or  heavy  current  should,  if  pos- 
sible, be  put  over  telegraph  ajid  telephone  wires,  because  the  latter 
are  more  likely  to  fall,  not  being  so  well. laid  or  so  carefully  watched, 


Fig.   19t.     Guard  WIrta. 


Fly.   102.     Ouard  Hooka. 


and  being  more  numerous.     Another  rea.snn  f(ir  this  is  the  risk  of 
requiring  telegraph  and  telephone  linemen  to  pass  up  through  the 
more  dangerous  wires  with  which  they  may  not  be  familiar ;  whereas,  M 
electric  light  linemen  would  not  be  injured  by  telegraph  or  tele- 
l>hnne  wires, 

Insulators.  —  The  problem  of  supporting  overhead  wires  is  some-S 
what  difficult,  since  those  materials  having  sufficiently  high  insubt- 
ing  qualities  are  not  very  strong  mechanically.    Glass  and  porcelain 
are  employed  almost   universally  for  the  purpose,  but  neither  is] 
possessed  of  the  great  strength  that  is  very  desirable  in  order  IC 
enable  the  insulators  t<»  stand  the  heavy  stresses  to  which  they  are' 
subjected     Other  materials,  such  as  hard  rubber  and  various  com-, 
positions  of  vegetable  or  mineral  matter,  have  been  tried  ;  but  th 
are  rarely  used  except  that  the  latter  are  commonly  employed 
support  overhead  truUey  wires. 
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Dmtbtti  P«tt!coat ";  Scrtw- 
glass  Insulator. 


The  advantages  of  porcelain  over  glass  are  that  it  is  less  brittle 
and  generally  stronger  than  glass,  and  it  is  less  hygroscopic.     On 
the  other  hand,  glass  is  cheaper  than  porcelain^  and  the  fact  that  it 
is  transparent  enables  an  internal  defect  to  be 
detected   more    readily.       It   also    makes   the 
cavities  in  the  insulator  less  likely  to  invite  the 
building  of  nests  by  insects.     Another  differ- 
ence,   which   is   much    more   serious   than   it 
■sounds,  is  the  fact  that  white  porcelain  insu- 
lators more  often  attract  the  eye  of  a  boy  or 
Tiunter,  and  frequently  are  made  to  serve  as 
targets  for  stones  or  bullets. 

■  Glass   or   porcelain   insulators  for  electric 
light    and    p<iwer   lines    have    been    developed 
<iirectly  from  those  tlmt  are  employed  for  tele- 
graph and  telephone  service.     In  fact,  there  is  no  substantial  dif- 
ierence,  the   only   modifications    being  an    increase   in   size  and 

(strength  to  suit  the  heavier  conductors,  and 
/^'^?'^"''*CWy\  improvement  in  insulation  by  lengthening  the 
V.  ^-^  /        pafii  for  leakage  of  current,  secured  by  adopt- 

/  \         "■>&   the  double   and   triple  in  place  of   the 

/  \        single  pettia)at  form. 

Tjrpes  of  Insulators.  ^  The  deep  grooved 
double   petticoat   pattern    of    screw-glass    in- 
sulator is  the  ordinary  standard,  being  used 
_^^^^^  with  insulated  wires  for  lines  ol  2000  volts. 

■  iRi  '^^^^  ^yP^  ^^  shown  in  Fig.  193.  For  higher 
^^K  I  I  potentials  the  use  of  porcelain  or  special 
^^^B        I  I  forms  of  glass  begins. 

^^^1        1^  The   present    increasing   employment   of 

^^^1        ^M  high  voltages,  and  the  tendency  to  raise  the 

^^^^        ^^  voltage  still  higher,  has  brought  into  use  new 

"  CZlB  ^'^^"^  *^^  insulators. 

The  oil  insulator,  shown  in  Fig.  194,  is 
mounted  upon  an  iron  pin,  and  provided  with 

^ a  recess  that  is  filled  with  an  insulating  oil. 

W        There  is  a  "built-up"  type  of  porcelain  insulator,  being  made 
*^   parts  as  is  shown  in  Fig.  195,  and  the  parts  burned  together 
L^'ith  a  vitreous  cement. 


Porcelain 


^ype  "  InaulatdTt  mounted 
<*n  Iron  Pin, 


250 


ELECTRIC  irCffTIKG. 


For  20,000  volts  an  insulator  made  entirely  of  porcelain  was 
designed.     Fig.  196  affords  a  very  good  idea  of   this  type.    In 

Fig.   197   is  the  porcelain  pin  bdse 
^  _  '        \  employed   in    combination    with 

insulator  of  Fig.  196. 

The  insulator  used  on  the 
mission  line  from  Niagara  to  t^  +t-,t. 
together  with  its  wooden  pin, 
tifin  of  the  cross-arm,  is  shou 
198.     The   eaves   tend    to   s! 
water  at  two  points,  where  it 
drip  on  the  cross-arm. 

An  interesting  insulator  is  the 
used  by  the  Telluride  Power  Tnuia 


,  F(N  BASE 


f/ff.   /fiS.    BuiH-up  Porcelain  tntU- 
lator  with  froft  Pin. 

mission  Company  to 
transmit  power  35  miles, 
from  Provo  to  Mcrcur, 
Utah.  Tht  pressure, 
40,000  volts,  was  the 
highest  employed  up  to 
that  time  {1898)  for  com- 
mercial use.  Fig.  199 
shows  the  Provo  in- 
sulator. 

A  still  newer  t)pe  is 
that  shfjwn  in  Fig.  200. 
It  is  of  brown  china 
ware  with  a  glass  or  por- 
celain cone  extending 
down  around  the  pin,  which  is  of  wood  with  a  porcelain  slee\'e  and 
base.     The  idea  of  this  sleeve  is  to  make  the  striking  distance 


ftg-  fW.     20.0i)Q  Vuii  PofceJaJn  Inau tutor. 


being  of  as  much  importance  as  that  the  length  uf  the 
from  the  cross-ami  to  the  wire  be  made  long.  This  insulator 
^^^  in  diameter,  about  15"  high,  and  weighs  about  12  pounds. 


i  Pomlalft  Ban. 


Ffg,   708.     Tha  Niagara  Type  of  Potcefatn  tusulator. 
Wood  Pin  and  CroMi'orm. 


)ther  feature   is   the  beveled  trough  around   the   top,  which 
;hes  all  the  water  at  the  periphery,  and  carries  it  off  to  one  side 
he  cross-arm. 
Insulated  Wire  for  Overhead  Lines.— For  long-distance  trans- 
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ProsfO  Qtatg  iniuiator. 


mission  bare  conductors,  described  at  the  beginning  of  this  chap- 
ter, are  generally  employed,  even  with  very  high  voltages.  For 
local  distribution,  especially  within  the  limits  of  cities  and  towns, 

electric  light  and  power  over- 
head wires  are  covered  thrtjugh- 
out  with  insulating  material,  to 
reduce  the  danger  of  accidental 
contact  with  persons  or  with 
other  wires  or  conducting 
bodies. 

The  insulation  of  overhead 
wires  is  in  two  parts.  One  of 
insulating  material  impervious 
to  moisture,  placed  next  to  the 
wire,  and  the  other  of  some  sub- 
stance fitted  to  resist  abrasion 
or  like  mechanical  injury. 
The  inner  coating  is  a  rubber  compound,  or  for  lower  grades 

some  cheaper  substitute.    Before 

this  is  laid  on  the  wire  it  is  first 

tinned   to  prevent  the  sulphur 

contained   in   the   rubber   com- 
pound from  corroding  the  wire. 

This     inner     coating     is     then 

covered   with    a    hard    braid   of 

cotton  or  hemp,  woven  on  to  the 

wire,  or  the  wire  is  serv^ed  with 

a  tape  and  insulating  compound. 

Where  the  wire  is  to  be  continu- 
ally moist,  gutta  percha  is  better 

than    rubber,    but    it    is    more 

costly. 

In  the    more    expensive 

grades  of  wire  the  ciKitings  are 

greater  than  two  in  number,  and 

they  alternate,   insulating   com- 
pound and  then  braid  or  tape. 

In  Figs.  201-203  are  shown        ^' ^  i^  ^/<^*  ''«««'«^ 

the  manner  of  application  of  the  insulation  and  the  braid 
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Joints  in  Overhead  Lines.  —  WTiether  an  electrical  conductor  is 
bare  or  insulated  it  is  necessary  that  any  juiiit  made  in  it  shall  be 
nearly  equal  in  conductivity  and  in  mechanical   strength  to  the 


FI9.  20t.    Inauhttd  Line  Wirt, 

rest  of  the  conductor.  The  onlinary  "lineman's  splice"  (Fig. 
204)  has  been  the  standard  practice  for  galvanized  wire  iron,  in 
telegraph  lines;  but  the  use  of  copper 
wire,  both  hard  and  soft  drawn,  and  the 
necessity  fur  l>etter  connection  with 
heavy  currents,  has  resulted  in  the  F/g.  202.  standarn  conductor,  m- 
adoption  of    various    special    f*>rnis    of  suiaM  for  out.i^M  i/vori,. 

joint.     Of  these   the   Mclntire  joint   illustrated  in  Fig.  205  is  a 
prominent  example. 


Fig.  203.    Overheat/  W!te  with  Weatherproof  Itttutaifon. 

This  joint  is  made  by  use  of  a  "connector  "  which  consists  of 
two  tubes  drawii  side  by  side  out  of  one  piece  of  C(tpper.  I'he 
internal   dunieter  of  each  of  these  tubes  corresponds  to  the  ex- 


MfflffilFs^dMMP 


=> 


Fig.  204.    Uneman'i  Splice. 

tcrnal  diameter  of  tne  wire  to  be  spliced.     The  two  wires  need  not 
be  of  the  same  size. 


Fig.  205.    Mclntyre   Wire  Jofnt. 

The  joint   is  made  by  slipping  the  wires   inside  the  tubes,   and 
then   by  means  of  special  pliers,  twisting  the  tubes  one  on   the 
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other  ;  thus  by  friction  the  two  wires  are  bound  firmly  together. 
Unless  required  by   Insurance  Rules,  they  need  not  be  soldered, 
a  great  advantage  with  liard-dj^awn  copper  wire  as  it  avoids  anneal- 
ing the  wire,  and  the  joint  more  nearly  retains  the  full  strength  of    _ 
the  wire.  f 

In  the  "  lineman's  splice  "  the  actual  area  of  contact  wire  to 
wire  is  small,  and  unless  well  soldered  the  crevices  wUl  afford 
places  for  starting  corrosion,  and  the  resistance  Avill  be  high. 

The  Mclntire  j(>int  affords  plenty  of  contact  area,  giving  a  low 
resistance  and  being  impervious  to  moisture.  This  form  of  joint 
is  especially  valuable  with  the  aluminum  wire  that  is  now  coming 
into  use. 

All  joints  made  in  insulated  wire  lines  should  be  taped  and 
painted  with  an  insulating  compound  till  the  insulation  over  the 
joint  is  as  good  as  that  on  the  wire  of  the  line. 

Method  of  Attaching  the  Line  Wire  to  the  Insulators.  — The  or-  ■ 
dinary  plan  is  to  take  a  simple  U-shaped  tie-wire,  place  the  curve 
of  it  around  the  insulator,  and  wrap  up  the  projectmg  ends  around 
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Flq.  208.    Jifing  Wtr*  to  tntulaior. 


FI9.  207.    Tulng  Wfra  to  tntutater. 


the  line- wire.  This  puts  a  side  pull  on  the  line-wire  which  objec- 
tionable feature  of  this  tie  is  indicated  in  Fig.  206.  This  might, 
in  the  case  of  hard-drawn  cupper  wire,  cause  breakage,  because  it 
is  quite  brittle.  I 

The  standard  method  now  in  use  is  shown  hi  a  completed  form 
in  Fig.  207.  A  soft  copper  tie-wire  is  laid  in  and  around  the  insu- 
lator groove,  in  such  a  manner  that  one  end  comes  over,  and  the 
other  end  under  the  line-wire  ;  the  ends  arc  then  wrapi:>ed  around 
the  line -wire.  A  method  f)f  making  the  tie  is  shown  in  Fig.  208. 
WTien  properly  made  in  this  way  the  line-wire  is  anchored  to  the  _ 
insulator  with  no  side  pull  | 

Tie-wires  should  be  the  same  size  as,  or  slightly  smaller  than, 
the  conductors  themselves.     This  \s  true  even  when  the  line-wires 
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are  insulated,  and  the  insulation  of  the  tie-wire  should  be  equal  in 
character  and  thickness  to  the  line-wire  that  it  ties. 

Dead  Ending.  - — When  a  line  ter- 
minates it  is  dead-ended  by  taking  a 
turn  around  the  insulator  and  wrap- 
ping it  about  itself,  or  by  means  of 
a  Mclntire  connector. 

Service  Connections  and  Loops. 
—  When  it  is  necessary  to  take  a 
tap  off  to  give  service,  an  extra  in- 
sulator must  be  mounted  on  the 
cross-arm,  in  order  that  the  strain  of 
the  service  main  may  not  put  a  side 
strain  on  the  line-wire  ;  for  a  series 
circuit  the  line  is  usually  dead-ended 
at  the  nearest  pole,  antl  a  loop  taken 
tt»  the  building  to  be  served.  In 
this  case  the  arrangement  shown  in 
Fig.  209  may  be  used. 

Limitations  of  Voltage.  —  The  maximum  voltage  that  it  is  possi- 
ble to  employ  on  overhead  lines  depends  upon  conditions.  In  1890 
a  pressure  of  5000  volts  was  considered  to  be  very  high,  but  gradu- 
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fig.  208.     Htthwi  of  making  Th. 
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Fig.  209.    Mtthod  of  making  Loop  Ci>t>n§ction. 

ally  the  apparatus  and  methcxls  have  been  improved  until  40,000  or 
even   (30,000  volts  is  now   regarded  as  commercially  ^ractvca.bk. 


• 

25r)                                        ELECTK/C  LIGHTING. 

The  electrical  niaiiitenance  of  such  a  circuit  depends  entirely  upon 

the  insiilattirs,  since  the  wires  are  usually  bare,  and  the  poles  e\'en 

if  made  of   wcxkI  should  never  be  depended  upon  for  insulation, 

^      especially  at  such  hi^h  voltages. 

^^P            In  a  paf>er  belure  the  American  Institute  of  Electrical  Engineers/ 

V           Mr.  C.  1*".  Scott  ga%'e  the  results  uf  experiments  on  several  lines, 

I            and  jxiinted  i>ut  thai  the  luss  between  wires  by  leakage  directly 

■  thrnu^di  the  air  rose  rapidly  above  a  certain  voltage.      In  Fig.  210, 

■  which  shows  some  of  these  data,  it  will  be  noted  (curve  1)  that  the 
I            loss  between   two  No.  28  wires  48  inches  apart  was  500  watts  at 
^^_                                                                   30,000   volts,  each  wire  being 

— 

/ 

great     for     commercial    work, 
since  the  waste  would  amount 
to    about    2.5   k.w.    per   mile. 
With  larger  >^ires  the  loss  de- 
creases ;  for  example,  in  cur\*e 
3  the   leakage   for   two  No.  8 
wires  the  same  distance  apart 
is    only    one-fifth   as   great   at 
30,000  volts,  f)eing  100  watts 
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for   the   same    length.      When 
No.    7    wires,    rubber-covered. 
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are  used  (curve  4),  the  loss  is 

^ 

^ 

practically  nil  at  30,000  vohs. 

' 

- 
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— ■ 

■  n      u      20     50     «     WW      7^     and  only  becomes  oU  watts  at 

Thoujood^  of  Volts                         ~                     r^r.    ^i^r.               <,                              rtf        . 

f/a.7/0.    Lo^  t>etu;^n  Wires  in  Air.              ^0,000    VoltS,    Or    .25     k.W.     pet 

mile.     The  substitution  of  still 
larger    conductors    secures   a    further    rc(hiction    in    this  leakage 
through  the  air,  so  that  it  can  be  kept  within  reasonable  limits  even 
at  iJO.OOO  volts.     A  transmission  line  in  California,  which  is  de- 
signed to  operate  at  this  pressure,  employs  aluminum  wires  one  inch 
in  diameter,  which  should  give  very  little  air  leakage,  even  though 
they  are  bare.     WTien  the  distance  between  wires  is  m creased,  the 
loss  is  diminished,  as  shown  in  Fig.  21 1.      It  is  also  a  fact  that  the 
leakage  depends  upon  the  wave  form  of  the  pressure,  being  greater 
with  peaked  than  with  flat  topped  waves,  since  the  maximum  volt- 

•   Transactimi,  W*"  '^^  ^^^'                                      ^^1 
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ajg-*^  is  higher  in  the  former  case.  The  percentage  of  humidity  in , 
tht^  atmosphere,  or  even  a  fall  of  rain  or  snow,  does  not  materially'] 
increase  this  loss  through  the  air. 
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f/Vr  2fJ,     Loaa  between  Wire*  In  Air, 


Lightning  Arresters  are  required  in  almost  all  cases  in  connection 
^ith  overhead  conductors.  The  principal  forms  in  use,  and  the 
Planner  of  using  them,  were  described  quite  fully  in  Vol.  I.,  pages 
425  to  438. 


OBNERAt.    SPBOIFIOATION8    FOB    ORDINARY    POLE    LINE 
CONSTROCTION- 

(2000  VOLTS.) 

Po/rs  to  be  of  best  quality  cedar  or  chestnut,  round  or  octagonal, 
as  specified-  Height  to  be  approximately  thirty  (30)  to  thirty-five 
(-^5)  feet.  Diameter  of  base  to  be  ten  (10)  inches.  Diameter  of 
top  to  be  about  six  (6)  inches.  The  poles  to  be  straight  and  knots 
closely  trimmed.     Tops  to  be  chamfered. 

Gains  to  be  cut  square  with  the  axis  of  the  pole  and  with  all 
other  gains,  and  to  be  accurately  made  to  fit  cross-arms,  so  as  to 
bring  the  cross-arms  nearly  flush  with  the  pole. 

Painting.  Poles  which  are  specified  to  be  painted  to  have  the 
lover  six  and  one-half  (fi|}  feet,  including  the  base  of  the  pole,  either 
ereosoted  or  painted  with  a  heavy  coat  of  tar  paint  or  equal  (This 
is  «ot  to  be  done  if  the  pole  is  "green  "  or  sappy.)    The  roof  of  the 
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pole  to  be  painted  with  three  (3)  coats  of  best  quality  white  leaA 
All  gains  to  receive  two  (2)  coats  of  best  white  lead  previous  to  the 
introduction  of  cross-arms.  Lower  shanks  of  pins  to  be  painted 
with  white  lead  before  being  inserted  into  cross-arms.  Cross-arras 
to  be  thoroughly  painted  with  two  (2)  good  coats  of  mineral  paint 
put  on  with  a  brush.  After  the  poles  are  erected  and  wires  in 
place  all  the  poles  specified  to  be  painted  with  two  (2)  coats  of  best 
quality  dark-green  mineral  paint. 

Guy-Stubs  and  Anchor  Logs  to  be  used  where  the  pole  needs 
side  guying  on  a  sharp  bend,  or  wherever  the  country  does  not  pro- 
vide a  more  convenient  way  to  guy  them.  These  anchor  logs  or 
guy-stubs  to  be  of  proper  dimensions,  dependijig  on  the  size  of  the 
pole  and  weight  of  the  line, 

Cross-Amts  to  be  thoroughly  sound,    straight -grained  timber, 
of  southern   pine,  and  free   from   knots.      The    arms  to  be  of 
requisite  length,  to  be  sawed  true  and  square,  and  up  to  the  dimen- 
sions specified.     The  tup  side  of  the  cross-arm  to  be  chamfered 
throughout  the  whole  length,  with  the  exception  of  eight  (8)  inches 
at  the  center,  where  the  arm  fits  the  gain.     Cross-arms  to  have 
holes  bored  of  spacing  and  size  for  pins,  as  specified  or  shown  on 
drawings.     Cross-arms  to  be  screwed  tu  the  pole  by  two  (2)  §  indi 
galvanized  iron  bolts  extending  entirely  through  the  arm  and  pole. 
Under  the  head  and  nut  of  each  bolt  a  galvanized  iron  washer,  not 
less  than  2^  inches  in  diameter,  shall  be  placed.      Bolts  to  be  stag- 
gered,      (This   construction   refers  to  cross-arms  carrying   heavy 
wires  and  large  number  of  same.     On  light  lines  lag  screws  are 
sufficient.) 

Iron  Fittings  to  be  of  good  quality  best  refined  wrought  iron, 
which  would  conform   to  good   bridge   specifications,  to   be  thor- 
oughly galvanized.      Galvanizing  to  be  subject  to  a  test.     CrosSi^ 
arm  braces  to  be  used  on  all  the  cross^rms  having  four  (4)  or  more 
pins.     The  braces  to  be  secured  to  the  pole  with  a  lag  screw,  and 
to  the   cross-arm   with   carriage   bolts  of  sufficient  length    to 
through  the  braces  and  arms.    Galvanized  iron  washers  to  be  place 
under  the  head  of  all  bolts,  nuts,  and  lag  screws. 

Pins.     AH  pins  to  be  best  quality,  sound,  clear,  split   locust, 
free  from  knots  and  sapwood.     Pins  to  be  of  standard  dhnensio 
which  are  governed  by  the  size  and  weight  of  the  insulators,  et 
The  threading  and  tapering  shall  be    neatly  and  accurately  cut^ 
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showing  the  full  thread,  and  shall  accurately  fit  the  insulator.  Each 
pin  to  be  secured  to  the  cross^rm  by  a  sixpenny  galvanized  iron 
wire  nail  driven  straight  through  cross-arm  and  shank  of  pin.  On 
all  curves  pins  to  be  bolted  by  galvanized  iron  bolts. 

Insulators,     Insulators  as  per  sample  to  be  used,  to  be  sound, 

strong,  free  from  fins,  having  threaded    holes    accurately  molded 

and  of  unifurm  size.     To  be  double  petticoatcd,  made  of  glass,  and 

subject  to  a  break -down  test  of  6000  volts,  from  a  source  caj^able 

'of  deliverifkg  five  (5)  amperes  at  that  pressure. 

Guy-Rods.  Anchor  guys  shall  be  attached  to  galvanized  iron 
iguy-rods.  These  rods  to  be  from  6  to  8  feet  long,  g  inch  in  diam- 
^eter,  provided  with  a  galvanized  iron  washer  \  inch  thick  and  3 
inches  square,  with  %  inch  hole  for  reception  of  the  rod. 

Wire-Rope  Fittings,  All  wire-rope  fittings,  such  as  thimbles, 
i guy-clamps,  rings,  sockets,  shall  be  of  first-class  quality  of  wire- 
irope  fittings,  equivalent  in  every  respect  to  those  manufactured  by 
(the  Roebling  Company  or  Washburn  &  Moen.  To  be  galvanized. 
\  Lightning  Rods.  Every  tenth  pole  to  be  supplied  with  a  light- 
ining  rod  made  of  No.  6  galv-anized  iron  wire,  carried  at  least  one 
I  foot  above  top  of  pole,  and  secured  to  same  by  heavy  galvanized 
steel  staples  made  of  No.  4  {B.  and  S.  gauge)  wire.  These  staples 
shall  be  2^  inches  long.  The  wire  shall  be  carried  down  the  ptile, 
and  thoroughly  buried  in  the  ground  at  the  base  of  the  pole,  with  at 
least  two  hand  turns. 

Guy-Ropes  to  be  made  of  good  flexible  quality  galvanized 
I  iron,  and  to  be  composed  of  one  or  more  strands,  dei>ending  on  the 
^stress  to  be  borne  by  the  guy.  To  conform  to  good  specifications 
(for  elongation,  twist,  and  breaking. 

Construction  Details.  The  line  shall  be  located  by  measuring 
;off  and  placing  stakes  for  pole  location  at  distances  of  120  feet  as 
an  average.  Such  stakes  must  be  placed  as  nearly  in  line  as  possi- 
ble. In  case  of  obstacles,  the  \mA^  shook!  be  l(x:ated  as  near  the 
■Stakes  as  po.ssible.  In  the  distribution  of  the  poles,  the  strongest 
and  heaviest  poles  shall  be  phced  nn  line  corners,  while  the  best- 
looking  shall  be  distributed  throughout  the  town,  or  in  the  front  of 
residences.  The  len^^th  of  the  pole  shall  be  proportioned  to  the 
jDontour  of  the  country,  so  that  the  wires  may  be  strung  without 
■brupt  changes  in  level. 

On  straight  lines  all  poles  shall  be  set  in  the  ^oxixv^  Vq  ^  ^^V^ 
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I>ole  to  be  painted  with  three  (3)  coats  of  best  quaUty  white  lead. 
All  gains  to  receive  two  (2)  coats  of  best  white  lead  previous  to  the 
introduction  of  cross-arms.  Lower  shanks  of  pins  to  be  painted 
with  white  lead  before  being  inserted  into  cross-arms.  Cross^mis 
to  be  thoroughly  painted  with  two  (2)  good  coats  of  mineral  paint 
put  on  with  a  brush.  After  the  poles  are  erected  and  wires  in 
place  all  the  poles  specified  to  be  painted  with  two  (2)  coats  of  best 
quality  dark-green  mineral  paint. 

Guy-Stubs  and  Anchor  Logs  to  be  used  where  the  pole  needs 
side  guying  on  a  sharp  bend,  or  wherever  the  country  does  not  pro- 
vide a  more  convenient  way  to  guy  them.  These  anchor  logs  or 
guy-stubs  to  be  of  proper  dimensions,  depending  on  the  size  of  the 
pole  and  weight  of  the  Mne. 

Cross-Amis  to  be  thoroughly  sound,    straight-grained  timber, 
of  southern    pine,  and  free   from    knots.      The    arms   to  be  of 
requisite  length,  to  be  sawed  true  and  square,  and  up  to  the  dimen- 
sions specified.     The  top  side  of  the  cross-arm  to  be  chamfered 
throughout  the  whole  length,  with  the  exception  of  eight  (J^)  inches 
at  the  center,  where  the  arm  fits  the  gain.     Cross-arms  to  have 
holes  bored  of  spacing  and  size  for  pins,  as  specified  or  shown  on 
drawings.     Cross-arms  to  be  screwed  to  the  pole  by  two  (2)  \  inch 
galvanized  iron  bolts  extending  entirely  through  the  arm  and  pole. 
Under  the  head  and  nut  of  each  bolt  a  galvanized  iron  washer,  not 
less  than  2^  inches  in  diameter,  shall  be  placed.     Bults  to  be  stag- 
gered.      (This   construction  refers  to   cross-arms  carrying    heavy 
wires  and  large  number  of  same.     On  light  lines  lag  screws  are 
sufBcient.)  ■ 

Iron  Fittings  to  be  of  good  quality  best  refined  wrought  iron, " 
which  would  conform  to  good  bridge  specifications,  to  be  thor- 
oughly galvanized.  Galvanizing  to  be  subject  to  a  test.  Cross- 
arm  braces  to  be  used  on  all  the  cross-arms  having  four  (4)  or  more 
pins.  The  braces  to  be  secured  to  the  pole  with  a  lag  screw,  and 
to  the  cross-arm  with  carriage  bolts  of  sufficient  length  to  go 
through  the  braces  and  arms.  Galvanized  iron  washers  to  be  placed 
under  the  head  of  all  bolts,  nuts,  and  lag  screws. 

Pins.     All  pins  to  be  best  quality,  sound,  clear,  split   locu: 
free  from  knots  and  sapwood     Pins  to  be  of  standard  dimcnsio: 
which  are  governed  by  the  size  and  weight  of  the  insulators,  et 
The   threading  and  tapering  shall  be    neatly  and  accurately  cui 
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snowing  the  full  thread,  and  shall  accurately  fit  the  insulator.  Each 
pin  to  be  secured,  to  the  cross-arm  by  a  sLvpenny  galvanized  iron 
wire  nail  driven  straight  through  cross-arm  and  shank  of  pin.  On 
all  curves  pins  to  be  bolted  by  galvanized  iron  bolts. 

Insulators,  Insulators  as  per  sample  to  be  used,  to  be  sound, 
strong,  free  from  fins,,  having  threaded  holes  accurately  molded 
and  of  uniform  size,  To  be  double  petticoated,  made  of  glass,  and 
subject  to  a  break-down  test  of  BOUU  volts,  from  a  source  capable 
of  delivering  five  (5)  amperes  at  that  pressure. 

Guy-Rods,  Anchor  guys  shall  be  attached  to  galvanized  iron 
guy-rods.  These  rods  to  be  from  6  to  8  feet  long,  \  inch  in  diam- 
eter, provided  with  a  galvanized  iron  washer  \  inch  thick  and  3 
inches  square,  with  \  inch  hole  for  reception  of  the  rod. 

Wire-Rope  Fittings,  All  wire-rope  fittuigs,  such  as  thimbles, 
guy-clamps,  rings,  sockets,  shall  be  of  first-class  quality  of  wire- 
rope  fittings,  equivalent  in  every  respect  to  those  manufactured  by 
the  Roebling  C(»mpany  or  Washburn  &  Moen.     To  be  galvanized. 

Lightning  Rods,  Every  tenth  pole  to  be  supplied  with  a  light- 
ning rod  made  of  No.  6  galvanized  iron  wire,  carried  at  least  one 
foot  above  top  of  pole,  and  secured  to  same  by  heavy  galvanized 
steel  staples  made  of  No.  4  (B.  and  S.  gauge)  wire.  These  staples 
shall  be  2^  inches  long.  The  wire  shall  be  carried  down  the  pole, 
and  thoroughly  buried  in  the  ground  at  the  base  uf  the  pole,  with  at 
least  two  hand  turns. 

Guy-Ropes  to  be  made  of  good  flexible  quality  galvanized 
iron,  and  to  be  composed  of  one  or  more  strands,  depending  on  the 
stress  to  be  borne  by  the  guy.  To  conform  to  good  specifications 
for  elongation,  twist,  and  breaking. 

Comtmction  Details,  The  Ime  shall  be  located  by  measuring 
off  and  placing  stakes  for  pole  location  at  distances  of  1 20  feet  as 
an  average.  Such  stakes  must  be  placed  as  nearly  in  line  as  possi- 
ble. In  case  of  obstacles,  the  pole  should  be  located  as  near  the 
stakes  as  possible.  In  the  distribution  of  the  poles,  the  strongest 
and  heaviest  poles  shall  be  placed  on  line  corners,  while  the  best- 
looking  sliall  be  distributed  throughout  the  town,  or  in  the  front  of 
residences.  The  length  of  the  pole  shall  be  proportioned  to  the 
contour  of  the  country,  so  that  the  wires  may  be  strung  without 
abrupt  changes  in  level 

On  straight  lines  all  poles  shall  be  set  in  tUe  gcovmd  Vq  -a^  <X.^nJ5v. 
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pole  to  be  painted  with  three  (3)  coats  of  best  quality  white  lead. 
All  gains  to  receive  two  (2)  coats  of  best  white  lead  previous  to  the 
introduction  of  cross-arms.  Lower  shanks  of  pins  to  be  painted 
with  white  lead  before  being  inserted  into  cross-arms.  Cros&^ras 
to  be  thoroughly  painted  with  two  (2)  good  coats  of  mineral  paint 
put  on  with  a  brush.  After  the  poles  arc  erected  and  wires  in 
place  all  the  poles  specified  to  be  painted  with  two  (2)  coats  of  best 
quality  dark -green  mineral  paint. 

Guy-Stnbs  and  Anchor  Logs  to  be  used  where  the  pole  needs 
side  guying  on  a  sharp  bend,  or  wherever  the  country  does  not  pro- 
vide a  more  convenient  way  to  guy  them.  These  anchor  logs  or 
guy-stubs  to  be  of  proper  dimensions,  depending  on  the  size  of  the 
pole  and  weight  of  the  line. 

Cross-Arms  to  be  thoroughly  sound,    straight-grained  tiimber, 
of  southern   pine,  and  free   from   knots.      The    arms  to  be  of 
requisite  length,  to  be  sawed  true  and  square,  and  up  to  the  dimen- 
sions specified.     The  top  side  of  the  cross-arm  to  be  chamfered 
throughout  the  whole  length,  with  the  exception  of  eight  (8)  inches 
at  the  center,  where  the  arm  fits  the  gain.     Cross-arms  to  have 
holes  bored  of  spacing  and  size  for  pins,  as  specified  or  shown  on 
drawings.     Cross-arms  to  be  screwed  to  the  pole  by  two  (2)  |  inch 
galvanized  iron  bolts  extending  entirely  through  the  arm  and  pole. 
Under  the  head  and  nut  of  each  bolt  a  galvanized  iron  washer,  not 
less  than  24  inches  in  diameter,  shall  be  placed     Bolts  to  be  stag- 
gered      (This  construction  refers  to   cross-arms  carrying   heavy 
wires  and  large  number  of  same.     On  light  lines  lag  screws  are 
sufBcient.) 

Iron  Fittings  to  be  of  good  quality  best  refined  wrought  iron, 
which  would  conform  to  good  bridge  specifications,  to  be  thi>r- 
oughly  galvanized.  Galvanizing  to  be  subject  to  a  test.  Cross- 
arm  braces  to  be  used  on  all  the  cross-iirnis  having  four  (4)  or  more 
pins.  The  braces  to  be  secured  to  the  pole  with  a  lag  screw,  and_ 
to  the  cross-arm  with  carriage  bolts  of  sufficient  length  to  gM 
through  the  braces  and  arms.  Galvanized  iron  washers  to  be  placed 
under  the  head  of  all  lioUs,  nuts,  and  lag  screws.  m 

Pins.     AH  pins  to  be  best  quality,  sound,  clear,  split  locust;9 
free  from  knots  and  sapwood.     Pins  to  be  of  standard  dimensions, 
which  are  governed  by  the  size  and  weight  of  the  insulators,  etc. 
The  threading  and  tapering  shall  be   neatly  and  accurately  cu' 
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showing  the  full  thread,  and  shall  accurately  fit  the  insulator.  Each 
pin  to  be  secured  to  the  cross-arm  by  a  sixpenny  i,^dlvanized  iron 
wire  nail  driven  straight  through  cross-arm  and  shank  uf  piiL  On 
all  curves  pins  to  be  bolted  by  galvanized  iron  bolts. 

Insulators.  Insulators  as  per  sample  to  be  used,  to  be  sound, 
strong,  free  from  fins,  having  threaded  holes  accurately  mokleil 
and  of  uniform  size.  To  be  double  petticoated,  made  of  glass,  and 
subject  to  a  break-down  test  of  tiOOO  volts,  from  a  source  capable 
of  delivering  five  (5)  amperes  at  that  pressure, 

Guy-Rods.  Anchor  guys  shall  be  attached  to  galvanized  iron 
guy-rods.  These  rods  to  be  from  6  to  8  feet  long,  |  inch  m  diam- 
eter, provided  with  a  galvanized  iron  washer  \  mch  thick  and  3 
inches  square,  with  \  inch  hole  for  reception  of  the  rod. 

Wire-Rope  Fittings.  All  wtre-rope  fittings,  such  as  thimbles, 
guy-clamps,  rings,  sockets,  shall  be  of  first-class  quality  of  wire- 
rope  fittings,  equivalent  in  every  respect  to  those  manufactured  by 
the  Roebling  Company  or  Washburn  &  Moen.     To  be  galvanized. 

Lightning  Rods,  Every  tenth  pole  to  be  supplied  with  a  light- 
nmg  rod  made  of  No.  6  galvanized  iron  wire,  carried  at  least  one 
foot  above  top  of  pole,  and  secured  to  same  by  heavy  galvanized 
steel  staples  made  of  No.  4  (B.  and  S.  gauge)  wire.  These  staples 
shall  be  2^  inches  long.  The  wire  shall  be  carried  down  the  pole, 
and  thoroughly  buried  in  the  ground  at  the  base  of  the  pole,  with  at 
least  two  hand  turns. 

Guy-Ropes  to  be  made  of  good  flexible  quality  galvanized 
iron,  and  to  be  composed  of  one  or  more  strands,  depending  on  the 
stress  to  be  borne  by  the  guy.  To  conform  to  good  specifications 
for  elongation,  twist,  and  breaking, 

Comtmction  Details,  The  line  shall  be  located  by  measuring 
off  and  placing  stakes  for  pole  location  at  distances  of  1 20  feet  as 
an  average.  Such  stakes  must  be  placed  as  nearly  in  line  as  possi- 
ble. In  case  of  obstacles,  the  pole  should  be  located  as  near  the 
stakes  as  possible.  In  the  distribution  of  the  poles,  the  strongest 
and  heaviest  poles  shall  l>e  placed  on  line  comers,  while  the  best- 
looking  shall  be  distributed  throughout  the  town,  or  in  the  front  of 
residences.  The  len^^h  of  the  pole  shall  be  proportioned  to  the 
contour  of  the  country,  so  that  the  wires  may  be  strung  without 
abrupt  changes  in  level. 

On  straight  lines  all  poles  shall  be  set  in  the  ^QVMvd^.Q  -i  ^it^NJci. 
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pole  to  be  painted  with  three  (3)  coats  of  best  quality  white  lead 
All  gains  to  receive  two  (2)  coats  of  best  white  lead  previous  to  the 
introduction  of  cross-arms.  Lower  shanks  of  pins  to  be  painted 
with  white  lead  before  being  inserted  into  cross-arms.  Cross-arms 
to  be  thoroughly  painted  with  two  (2)  good  coats  of  mineral  paint 
put  on  with  a  brush.  After  the  poles  are  erected  and  wires  in 
place  all  the  pfjlcs  specified  to  be  painted  with  two  (2)  coats  of  best 
quality  dark-green  mineral  paint. 

Guy-Stubs  and  Anchor  Logs  to  be  used  where  the  pole  needs 
side  guying  on  a  sharp  bend^  or  wherever  the  country  does  not  prc)- 
vide  a  more  convenient  way  to  guy  them.  These  anchor  logs  or 
guy-stubs  to  be  of  proper  dimensions,  depending  on  the  size  of  the 
pole  and  weight  of  the  line. 

Cross-Amis  to  be  thoroughly  sound,  straight -grained  timber, 
of  southern  pine,  and  free  from  knots.  The  arms  to  be  of 
requisite  length,  to  be  sawed  true  and  square,  and  up  to  the  dimen- 
sions specified.  The  top  side  of  the  cross-arm  to  be  chamfered 
throughout  the  whole  length,  with  the  exception  of  eight  (8)  inches 
at  the  center,  where  the  arm  fits  the  giiin.  Cruss-arms  to  have 
holes  bored  of  spacing  and  size  for  pins,  as  specified  or  shown  on 
drawings.  Cross-arms  to  be  screwed  to  the  pole  by  two  (2)  |  inch 
galvanized  iron  bolts  extending  entirely  through  the  ami  and  pole. 
Under  the  head  and  nut  of  each  bolt  a  galvanized  iron  washer,  not 
less  than  2^  inches  in  diameter,  shall  be  placed.  Bolts  to  be  stag- 
gered.  (This  construction  refers  to  cross-arms  carrying  heavy 
wires  and  large  number  of  same.  On  light  lines  lag  screws  are 
sttfficient.) 

Iron  Fittings  to  be  of  gotxl  quality  best  refined  wrought  iron, 
which  would  conform  to  good  bridge  specifications,  to  be  thor- 
oughly galvanized.  Galvanizing  to  be  subject  to  a  test.  Cross^fl 
arm  braces  to  be  used  on  all  the  cross-arms  having  four  (4)  or  more 
pins.  The  braces  to  be  secured  to  the  pole  with  a  lag  screw,  and 
to  the  cross^rm  with  carriage  bolts  of  sufficient  length  to  gi> 
through  the  braces  and  arms.  Galvanized  iron  washers  to  be  placed 
under  the  head  of  all  bolts,  nuts,  and  lag  screws. 

Pins,     All  pins  to  be  best  qual)t)'»  sound,  clear,  split  locui 
free  from  knots  and  sapwood.     Pins  to  be  of  standard  dimensio: 
which  are  governed  by  the  size  and  weight  of  the  insulators,  etc. 
The  threading  and  tapering  shall  be    neatly  and  accurately  cut, 
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showing  the  full  threail,  and  sliall  accurately  fit  the  insulator.  Each 
pin  to  be  secured  to  the  cross-arm  by  a  sbipenny  galvanized  iron 
wire  nail  driven  straight  through  cross-arm  and  shank  of  pin.  On 
all  curves  pins  to  be  bolted  by  galvanized  iron  bolts. 

Insulators.  Insulators  as  per  sample  to  be  used,  to  be  sotmd, 
strong,  free  from  fins,  having  threaded  holes  accurately  molded 
and  of  uniform  size.  To  be  double  petticoated,  made  of  glass,  and 
subject  to  a  break-down  test  of  6000  volts,  from  a  source  capable 
of  delivering  five  (5)  amperes  at  that  pressure. 

Guy-Rods,  Anchor  guys  sliall  be  attached  to  galvanized  iron 
guy-rods.  These  rods  to  be  from  6  to  8  feet  long,  f  inch  in  diam- 
eter, provided  with  a  galvanized  iron  washer  |  inch  thick  and  3 
inches  square,  with  ^  inch  hole  for  reception  of  the  rod. 

Wire-Rope  Fittings.  All  wire-rope  fittings,  such  as  thimbles, 
guy-clamps,  rings,  sockets,  shall  be  of  first-class  quality  of  wire- 
rope  fittings,  equivalent  in  every  respect  to  those  manufactured  by 
the  Roebling  Company  or  Washburn  &  Moen.     Tu  be  galvanized. 

Lightning  Rods,  Every  tenth  pole  to  be  supplied  with  a  light- 
ning rod  made  of  No.  6  galvanized  iron  wire,  carried  at  least  one 
foot  above  top  of  pole,  and  secured  to  same  by  heavy  galvanized 
steel  staples  made  of  No.  4  (B.  and  S.  gauge)  wire.  These  staples 
shall  be  2^  inches  long.  The  wire  shall  be  carried  dowTi  the  pole, 
and  thoroughly  buried  in  the  ground  at  the  liase  of  the  pole,  with  at 
least  two  hand  turns. 

Guy-Ropes  to  be  made  of  good  flexible  quality  galvanized 
iron,  and  to  be  composed  of  one  or  more  strands,  depending  on  the 
stress  to  be  borne  by  the  guy.  To  conform  to  good  s|5ccifi  cat  ions 
for  elongation,  twist,  and  breaking. 

Consin4€tion  Details.  The  line  shall  be  located  by  measuring 
off  and  placing  stakes  for  pole  location  at  distances  of  120  feet  as 
an  average.  Such  stakes  must  be  placed  as  nearly  in  line  as  possi- 
ble. In  case  of  obstacles,  the  pole  should  be  located  as  near  the 
stakes  as  possible.  In  the  distributi(m  of  the  poles,  the  strongest 
and  heaviest  poles  shall  be  placed  on  line  comers,  while  the  best- 
looking  shall  be  distributed  throughout  the  town,  or  in  the  front  of 
residences.  The  length  of  the  pole  shall  be  proportioned  to  the 
contour  of  the  country,  so  that  the  wires  may  be  strung  without 
abrupt  changes  in  level 

On  straight  lines  all  poles  shall  be  set  in  the  gtowwiVQ  -a^  Ass^xV 
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of  at  least  six  feet,  unless  otherwise  specified.  AU  poles  shall  be 
set  perpendicularly  on  straight-line  work.  On  curves,  poles  should 
be  set  with  an  outward  rake. 

The  holes  shall  be  dug  sufficiently  large  to  admit  the  butt  of 
the  pole  without  hewing ;  and  after  the  pole  is  set,  the  earth  shall 
be  returned  and  thoroughly  tamped  artmnd  all  the  base  of  the  pok 
Tamping  shall  be  done  in  the  proportion  of  three  tampers  to  one 
shovclcr.     Upon  curves  the  poles  must  be  laterally  guyed. 

Every  eighth  pole  to  be  laterally  guyed  on  both  sides,  and  on 
steep  hills  every  pole  shall  be  head -guyed  in  both  directions. 

The  two  end  ptjles  of  each  line  shall  be  head  and  laterally 
guyed.  On  long  spans  the  poles  shall  be  head-guyed  both  ways, 
and  side-guyed  in  both  directions, 

"  Y  "  guying  to  be  used  in  all  cases. 

Where  it  is  difficult  to  get  good  setting  for  a  pole,  same  to  be 
set  in  "  sand-barrel  '*  or  concrete,  to  be  approved  by  the  engineers.   ■ 

In  cases  where  poles  are  set  in  rock,  pole  to  be  hewn  to  fit  an 
approved   iron  shoe,  which  is  to  be  securely  bolted  to  rock.     Sh9e 
to  be  painted  inside  with  two  coats  of  white  lead  before  pole  is  in-  ■ 
serted.     Outside  of  shoe  to  be  smooth,  and  hydraulic  cement  to  be 
placed  on  top  of  rock  on  which  shoe  is  set. 

Guys  to  be  fastened  to  poles  by  means  of  galvanized  eye-bolt, 
fitted  with  galvanized  washers  under  head  and  under  nut  of  bolt.       ■ 

Piaciug  of  Cross-Anns.     On  straight-line  work,  the  cross-arms 
to  be  placed  on  alternate  sides  of  succeeding  poles.     On  long  spans  _ 
the  cross-arms  of  terminal  poles  shall  be  placed  opposite  the  long] 
section.     Double  cross-arms  to  be  used  on  all  abrupt  changes  in 
direction  and  also  on  end  poles. 

At  the  end  of  lines  the  arms  of  at  least  the  last  two  poles  shall 
be  placed  on  the  side  facing  the   terminal  of  the  line.     On  curveaS 
the  cross-arms  shall  face  towards  the  middle  of  the  curve. 

Long  spans  of   200  feet   shall   lie  head-guyed,  and  if  possible 
^^^     side-giiyed  in  both  directions. 

^^fe  Tying  of   Wires.     Line  wires  shall  be  tied  in  a  manner  as  ap- 

^^^     proved  by  the  engineers. 

I  Joints.     All  joints  to  be  made  either  with  a  Mclntyre  sleeve  or 

I  a  Western  Union  splice,  and  to  be  thoroughly  soldered,  taped,  and 

I  bound  with  cord. 

I  Guarii  Hooks.    To  be  placed  cn\  cac\\  cross^ma  on  shaq)  bends. 

Bi^ —  k ft. 
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Guard  Wires.  To  be  placed  wherever  wires  cross  above  or 
below  another  line. 

Binding  Wire.  Binding  wire  to  be  used  to  secure  wires  on  all 
insulators.  Wires  to  be  of  first-class  insulation,  solid  copper  wire, 
two  gauge  numbers  smaller  than  the  line  wire.  No  binding  wire 
smaller  than  No.  8  B  and  S.  gauge  to  be  used. 

Excavation.  All  excavating  and  filling  for  pole  line  to  be  done 
by  contractor ;  also  felling  of  trees,  bushes,  and  all  blasting,  grad- 
ing, etc  Trees  and  bushes  to  be  trimmed  so  that  no  branch  can 
come  in  contact  with  the  wires.  All  removing  and  replacing  of 
fences  or  other  structures  which  may  be  found  necessary  for  locat- 
ing pole  line  to  be  done  by  the  contractor. 
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CHAPTER    XIIL 

UNDERGROUND    ELECTRICAL    CONDUCTORS. 

The  branch  of  electrical  light  engineering  tloat  is  the  greatest 
in  magnitude,  and  involves  the  largest  expenditure,  is  that  which 
relates  to  the  designing,  laying,  and  maintaining  of  a  large  system 
of  underground  conductors.     In  no  other  department  of  electric 
lighting  are  the  practice  and  results  so  variable.     For  nearly  ten 
years  after  electric  lighting  was  first  introduced,  the  distribution  oi 
a  current  was  effected  almost  entirely  by  overhead  wires,  the  only 
important  exception  being  the  Edison  Underground  System,  first 
laid  in  1882,  and  generally  employed  by  most   of  the  low-tension, 
direct-current  systems  in  the  larger  cities  of  this  country,  and  in 
many  places  abroad.     Since  1890  the  popular  objection  to  the  use 
of  overhead  electrical  wires  has  grown,  and  wherever  possible  has 
demanded  the  substitution   for   them  of  underground  conductors. 
The  enormous  expense  of  making  the  change,  as  well  as  the  almost 
utter  lack  of  experience  wth  buried  high-tension  circuits,  made  this 
a  most   formidable  problem  at    first.     As   is  usual  in  such  cases, 
extraordinary  methods  were  devised  for  overcoming  the  apparent 
difficulties.     It  has  been  found,    however,   that   very  simple   con- 
struction, provided  it  is  of  good  quality,  insures  the  practical  suc- 
cess   and    permanence    of     undergrountl    conductors.       In     fact, 
alternating  current  and  arc-lighting  circuits  of  1000  to  7000  volts 
are  commonly  laid  in  underground  conduits,  and  do  not  give  much 
more  trouble  than  low-tension  wires,  including  tho.sc  employed  for 
telegraphic  and  telephonic  purposes.     The  essential  elements  of  an 
underground  system  of  conductors  are,  first,  the  conductor  itself, 
which  is  almost  invariably  composed  of  copper  ;  second,  the  insula- 
tion, which  may  be  either  a  complete  covering  of  non-conducting 
materkl,  or  simply  points  of  support ;  and  third,  the  mechanical 
protection,  which  usually  takes  the  form  of  a  tube  or  conduit,  and 
mu.st  be  particularly  strong  in  order  to  withstand  the  severe  con- 
ditions to  which  it  is  exposed 
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In  some  instances,  especially  in   Europe,  iron-armored  cables 
'JELx-e  laid  directly  in  the  earthy  without  any  conduit  to  protect  them. 
Thje  armor,  which  is  relied  upon  for  mechanical  protection,  consists 

Io€  a  spiral  winding  of  iron  or  steel  wire,  like  that  of  a  submarine 
C5i.l)le,  or  a  spiral  wrapping  of  iron  or  steel  tape,  with  overlapping 
joints.  In  either  case  there  is  a  certain  amount  of  flexibihty 
wliich  a  conduit  does  not  possess,  enabling  the  cable  to  pass  around 
B  f>t>stacles  and  adapt  itself  to  the  various  underground  pipes,  etc., 
n  t Hat  are  often  very  numerous  in  large  cities.  Moreover,  the  iron- 
amiored  cable  would  occupy  much  less  space  than  an  equivalent 
conduit  In  some  underground  conductor  systems  the  cables  are 
drawn  in  after  the  conduits  are  built,  and  in  others  the  conductors 
^re  put  in  the  sections  before  they  are  laid,  or  are  built  in  at  the 
[  same  time. 


FORMS  OF    UNDERGROUND   CONDUITS. 
DravNHg-In    SysUms. 
lEOX. 
1.    Wrougbt-iron  pipes. 


3. 

3- 

5- 

"         "          "       cement  lined 
"        «          "       wood  lined 
Cast-iron  pipes. 
"       "    troughs. 

EARTHENWARE. 

6.  Terracotta  pipes, single  or  multiple  duct. 

7.  ••        •*      troughs    "  "  " 

CONCRETE, 

8.  One  or  more  duels  formed  in  a  mass  of  concrete. 

WOOD. 

9.  Wooden  pipes. 
10.  "       troughs. 
I  r.     Fiber  pipes. 

Solid  or  Built-in  Systems. 

12.  Edison  and  other  underground  Tube  Systems. 

13.  Crompton  andothtr  naked  Conductor  Systems 


WroughMroE  or  Steel  Pipes,  similar  to  gas  or  steam  pipes  with 
^^^evv  or  other  connections,  is  the  strongest  and  one  of  the  most 
^^tisfactory  forms  of  conduit ;  and  it  has  been  extensively  adopted, 
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particularly  where  its  rather  high  first  cost  is  not  a  serious  objec- 
tion.    Its  advantages  are  great  strength  to  resist  the  severe  strains 
due  to  the  pressure  of  the  earth,  often  aggravated  by  unequal  set* 
tliug.     It  is  also  well  adapted  to  withstand   blows   of  pick-axes, 
shovels,  etc.,  to  which  conduits  are  exposed  during  subsequent  ex- 
cavations of  the  same  ground.     Wrought-iron  or  steel  pipes  require 
to  be  of  less  thickness,  and  therefore  occupy  less  space  than  any 
other  form  of  conduit.     They  can  be  joined  by  screw  or  other  con- 
nections which  are  most  secure,  and  can  also  be  made  water-tight. 
Such  a  pipe  can  be  bent  to  a  reasonable  extent  without  breaking 
or  ijpening  the  joints  ;  whereas  w4th  almost  any  other  form  of  con- 
duit the  unequal  settling  of  the  ground,  which  is  almost  certain  to 
occur,  is  likely  to  crack  or  break  it. 

The  disadvantages  of  wrought-iron  pipes  are  their  somewhat 
high  first  cost,  and  the  fact  that  they  are  made  of  conducting 
material,  which  will  cause  a  ground  connection  if  the  insulation  of 
the  wire  is  injured.  It  is  doubtful,  however,  if  non-conducting  con- 
duits, such  as  earthenware,  are  really  better  for  underground  con- 
struction. If  a  difficulty  occurs  in  the  insulation  of  the  wire,  the 
incidental  insulation  afforded  by  the  conduit  is  hardly  sufficient  to 
enable  the  circuit  to  be  worked  properly.  The  moisture  which 
would  almost  always  be  present  would  produce  a  sufficient 
"ground"  to  render  it  undesirable  and  probably  dangerous  tafl 
employ  the  ctmductur.  In  most  cases  it  would  be  just  as  well,  and 
would  enable  a  fault  to  be  more  quickly  detected  and  located,  if  a 
"  dead  ground,*'  i.e.,  low-resistance  ground  connection  w^ere  made 
immediately.  In  fact,  with  high-tension  circuits  in  non-conducting 
conduits,  it  is  important  to  have  the  lead  sheathing  of  the  cables 
that  are  ortiinarily  used  well  grounded  throughout  its  entire  length, 
otherwise  a  defect  in  the  insulation,  or  simply  the  electrostatic 
charging  and  discharging  which  takes  place  with  alternating  cur- 
rents, render  it  dangerous  to  touch  the  lead  sheathing. 

Wrougbt-Iron  Pipe  in  Hydraulic  Cement This  is  used  to 

quite  a  large  extent,  the   ordinary  construction  for  this  conduit 
consisting  in  digging  a  trench  in  the  street,  the  size  dependin, 
upon  the  number  of  pipes  to  be  laid.     The  bottom  of  this  trenc! 
after  being  carefully  leveled  or   graded,  is  covered  with  a    la 
of   good  concrete   2  to  4   inches  deep,  and  the  sides  are  bra 
with  plank.     A  suitable  mixture  for  this  purpose  is  composed 
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parts  of  Rosendale  cement,  three  parts  sand,  and  five  parts 
broken  stone.  Broken  stone  to  pass  through  a  one  and  one-half 
inch  mesh.  The  concrete  is  well  rammed  into  place,  and  a  layer 
of  wroLight-iron  pipe  is  laid  upon  it.  The  diameter  of  these  pipes 
depends  upon  the  size  and  number  of  cables  tliat  they  are  to  re- 
ceive, the  standard  being  3  or  4  inches  in  diameter,  and  \  inch 
thick.  The  pipes  are  in  20'foot  Icn^^hs,  and  are  joined  by  means 
of  a  tapering  or  vanishing  screw  thread  coupling,  forming  a  joint 
which  is  water-  and  gas-tight,  and  can  easily  be  made  as  the  pipes 
are  laid  in  place.  When  the  first  layer  of  pipes  is  in  place,  spaces 
between  and  around  them  are  filled  with  concrete.  The  distance 
between  the  pipes  is 
usually  one-half  to  three- 
quarters  of  their  diam- 
eter, the  thickness  of  the 
concrete  on  the  sides 
being  about  the  same 
amount.  The  concrete 
is  filled  in  over  the  pipes 
to  a  depth  about  half 
of  a  diameter^  and  then 
another  layer  of  pipes  is 
laid  and  packed  around 
with  concrete  as  before. 
After  the  last  row  is  in 
place,  a  covering  of  con- 
crete from  2  to  3  inches 
in  thickness  is  spread  over  it,  and  a  layer  of  yellow  pine  plank  2 
inches  thick  is  laid  upon  this.  The  chief  object  uf  the  latter  is  to 
serve  as  a  protection  against  the  tmjls  of  the  wcjrkmen  in  case  of 
later  excavations.  Experience  has  shown  that  men  will  dig  down 
through  concrete,  but  will  turn  aside  from  the  wood. 

The  following  construction  is  staiidard  in  this  kind  of  work 
being  used  in  New  York  City.     (See  Fig.  212.) 

The  thickness  of  cement  all  around  the  bunch  of  conduits  is 
1^  inches.  The  boards  en  the  side  of  the  trench  are  \\  inches, 
and  there  are  2-inch  boards  on  the  top.  Three-inch  wrought-iron 
reamed  pipe  is  used,  which  is  superior  to  the  ordinary  commercial 
pipe,  in  that  it  is  reamed  after  being  rolled  to  msuic  \.\va.\.  V\ve.x^  ^\^ 
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particularly  where  its  rather  high  first  cost  is  not  a  serious  objec- 
tion. Its  advantages  are  great  strength  to  resist  the  severe  strains 
due  to  the  pressure  of  the  earth,  often  aggravated  by  unequal  set- 
tling. It  is  alsu  well  adapted  to  withstand  blows  of  picknaxes, 
shovels,  etc.,  to  which  conduits  are  exposed  during  subsequent  ex- 
cavations of  the  same  ground.  Wrought-iron  or  steel  pipes  require 
to  be  of  less  thickness,  and  therefore  occupy  less  space  than  any 
other  form  of  conduit.  They  can  be  joined  by  screw  or  other  con- 
nections which  are  most  secure,  and  can  also  be  made  water-tight. 
Such  a  pipe  can  be  bent  to  a  reasonable  extent  without  breaking 
or  opening  the  joints  ;  whereas  with  almost  any  other  form  of  con- 
duit the  unequal  settling  of  the  ground,  which  is  almost  certain  to 
occur,  is  likely  to  crack  or  break  it. 

The  disadvantages  of  wrought-iron   pipes  are  their  somewhat 
high   first   cost,  and   the   fact  that   they  are  made  of  conducting 
material^  which  will  cause  a  ground  connection  if  the  insulation  of 
the  wire  is  injured.     It  is  doubtful,  however,  if  non-conducting  con- 
duits, such  as  earthenware,  are  really  better  for  underground  con- 
struction.    If  a  diiTiculty  occurs  in  the  insulation  of  the  wire,  the 
incidental  insulation  afforded  by  the  conduit  is  hardly  suflficient  to 
enable  the   circuit  to  be  worked  properly.     The  moisture  which 
would    almost    always    be   present    would    produce   a    sufficient 
"  ground "  to  render  it  undesirable  and   probably   dangerous  to 
emj>loy  the  conductor.      In  most  cwses  it  would  be  just  as  well,  andfl 
would  enable  a  fault  to  be  more  quickly  detected  and  located,  if  a  ■ 
"dead  ground,"  i.e.,  low-resistance  ground  connection  were  made 
immediately.     In  fact,  with  high-tension  cu-cuits  in  non-conducting 
conduits,  it  is   important  to  have  the  lead   sheathing  of  the  cables 
that  are  ordinarily  used  well  grounded  throughout  its  entire  length, 
otherwise  a  defect   in  the  insulation,  or   simply  the  electrostatic 
charging  and  discharging  which  takes  place  with  alternating  curJ 
rents,  render  it  dangerous  to  touch  the  lead  sheathing.  ' 

Wrought-iron  Pipe  in  Hydraulic  Cement.  —  This  is  used  to 
quite  a  large  extent,  the  ordinary  construction  for  this  conduit 
consisting  in  digging  a  trench  in  the  street,  the  size  depending 
upon  the  number  of  pipes  to  be  laid.  The  bottom  of  this  trench, 
after  being  carefully  leveled  or  graded,  is  covered  with  a 
of  good  concrete  2  to  4  inches  deep,  and  the  sides  are  b 
with  plank.     A  suitable  ra\xluTe  lor  this  purpose  is  composed 
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two  parts  of  Rosendale  cement,  three  parts  sand,  and  five  parts 
broken  stone.  Broken  stone  to  pass  through  a  one  and  one4iaIf 
inch  mesh.  The  concrete  is  well  rammed  into  place,  and  a  layer 
of  wrought-iron  pipe  is  laid  upon  it.  The  diameter  of  these  pipes 
depends  upon  the  size  and  number  of  cables  that  they  are  to  re- 
ceive, the  standard  being  3  or  4  inches  in  diameter,  and  ^  inch 
thick.  The  pipes  are  in  20-fuut  lengths,  and  are  joined  by  means 
of  a  tapering  or  vanishing  screw  thread  coupling,  forming  a  joint 
which  is  Avater-  and  gas-tight,  and  can  easily  be  made  as  the  pipes 
are  laid  in  place.  When  the  first  layer  of  pipes  is  in  place,  spaces 
between  and  around  them  are  filled  with  concrete.  The  distance 
between  the  pipes  is 
usually  one-half  to  three- 
quarters  of  their  diam- 
eter, the  thickness  of  the 
concrete  on  the  sides 
being  about  the  same 
amount.  The  concrete 
is  filled  in  over  the  pipes 
to  a  depth  about  half 
of  a  diameter,  and  then 
another  layer  of  pipes  is 
laid  and  packed  around 
with  concrete  as  before. 
After  the  last  rcnv  is  in 
place,  a  covering  of  con- 
crete from  2  to  3  inches 
in  thickness  is  spread  over  it,  and  a  layer  of  yellow  pine  plank  2 
inches  thick  is  laid  upon  this.  The  chief  object  of  the  latter  is  to 
serve  as  a  protection  against  the  tools  of  the  workmen  in  case  of 
later  excavations.  Experience  has  shown  that  men  will  dig  down 
through  concrete,  but  will  turn  aside  from  the  wood. 

TTie  following  construction  is  standard  in  this  kind  of  work 
being  used  in  New  York  City.     (See  Fig.  212.) 

The  thickness  of  cement  all  around  the  bunch  of  conduits  is 
1^  inches.  The  boards  en  the  side  of  the  trench  are  1  %  inches, 
and  there  are  2-inch  buards  on  the  top.  Three-inch  wrought-iron 
reamed  pipe  is  used,  which  is  superior  to  the  ordinary  commercial 
pipe,  in  that  it  is  reamed  after  being  rolled  to  insuie  \.\vaX  N-Ve-xt  ^\t 
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particularly  where  its  rather  high  first  cost  is  not  a  serious  objec- 
tion. Its  advantages  are  great  strength  to  resist  the  severe  strains 
duu  to  the  pressure  of  the  earth,  often  aggravated  by  unequal  set- 
tling. It  is  also  well  adapted  to  withstand  blows  of  pick-axes, 
shovels,  etc.,  to  which  conduits  arc  exposed  during  subsequent  ex- 
cavations of  the  same  ground.  Wrought-iron  or  steel  pipes  require 
to  be  of  less  thickness,  and  therefore  occupy  less  space  than  any 
other  form  of  conduit.  They  can  be  joined  by  screw  or  other  con- 
nections which  are  moat  secure,  and  can  also  be  made  water-tight. 
Such  a  piixj  can  be  bent  to  a  reasonable  extent  without  breaking 
or  opening  the  joints  ;  whereas  with  almost  any  other  form  of  coa- 
duit  the  unequal  settling  of  the  ground,  which  is  almost  certain  to 
occur,  is  likely  to  crack  or  break  it. 

The  disadvantages  of  wrought-iron  pipes  are  their  somewhat 
high  first  cost,  and  the  fact  that  they  are  made  of  conducting 
material,  which  will  cause  a  ground  connection  if  the  insulation  of 
the  wire  is  injured.  It  is  doubtful,  however,  if  non-conducting  con-  M 
duits,  such  as  earthenware,  are  really  better  for  underground  con-  ■ 
struction.  If  a  difficulty  occurs  in  the  insulation  of  the  wire,  the 
incidental  insulation  afforded  by  the  conduit  is  hardly  sufficient  to 
enable  the  circuit  to  be  worked  properly.  The  moisture  which 
would  almost  always  be  present  would  produce  a  sufficient 
••  ground  "  t*}  render  it  undesirable  and  probably  dangerous  to 
employ  the  conductor.  In  most  cases  it  would  be  just  as  well,  and 
would  enable  a  fault  to  be  more  quickly  detected  and  located,  if  a 
**dead  ground,"  i.e.,  low-resistance  ground  connection  were  made 
immediately.  In  fact,  with  high-tension  circuits  in  non-conducting 
conduits,  it  is  imptjrtant  to  have  the  lead  sheathing  of  the  cables 
that  are  ordinarily  used  well  grounded  throughout  its  entire  lengths 
otherwise  a  defect  in  the  insulation,  or  simply  the  electrostatic 
charging  and  discharging  which  takes  place  with  alternating  cur- 
rents, render  it  dangerous  to  touch  the  lead  sheathing.  h 

Wrought-Iron  Pipe  in  Hydraulic  Cement.  —  This  is  used  to| 
quite  a  large  extent,  the  ordinary  construction  for  this  conduit 
consisting  in  digging  a  trench  in  the  street,  the  size  dependir 
upon  the  number  of  pipes  to  be  hid.  The  bottom  of  this  trend 
after  being  carefully  leveled  or  graded,  is  covered  with  a  laye 
of  good  concrete  2  to  4  inches  deep,  and  the  sides  are  brace 
with  plank.     A  suitable  mlxl\we  Iot  tVus  ijurpose  is  composed 
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two  parts  of  Rosendale  cement,  three  parts  sand,  and  five  parts 
broken  stone.  Broken  stone  to  pass  through  a  one  and  one-half 
inch  mesh.  The  concrete  is  well  rammed  into  place,  and  a  layer 
of  wrought-iron  pipe  is  laid  upon  it.  The  diameter  uf  these  pipes 
depends  upun  the  size  and  number  of  cables  that  they  are  to  re- 
ceive, the  standard  being  3  or  4  inches  in  diameter,  and  \  inch 
thick.  The  pipes  are  in  t^O-foot  lengths,  and  are  joined  by  means 
of  a  tapering  or  %'anishing  screw  thread  coupling,  forming  a  joint 
which  is  water-  and  gas-tight,  and  can  easily  be  made  as  the  pipes 
are  laid  in  place.  When  the  first  layer  of  pipes  is  in  place,  spaces 
between  and  around  them  are  filled  with  concrete.  The  distance 
between    the    pipes 


IS 


■  usually  one-half  to  three- 
quarters  of  their  diam- 
eter, the  thickness  of  the 
concrete  on  the  sides 
being  about  the  same 
amount.  The  concrete 
is  filled  in  over  the  pipes 
to  a  depth  about  half 
of  a  diameter,  and  then 
another  layer  of  pipes  is 
laid  and  packed  anmnd 
with  concrete  as  before. 
After  the  last  mw  is  in 

»    place,  a  covering  of  con- 
crete from  2  to  3  inches 
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in  thickness  is  spread  over  it,  and  a  layer  of  yellow  pine  plank  2 
inches  thick  is  laid  upon  this.  The  chief  object  of  the  latter  is  to 
serve  as  a  protection  against  the  tools  of  the  workmen  in  case  of 
later  excavations.  Experience  has  shown  that  men  will  dig  down 
through  concrete,  but  will  turn  aside  from  the  wtxxl. 

The  following  construction  is  standard  in  this  kind  of  work 
being  used  in  New  York  City,     (See  Fig.  212.) 

The  thickness  of  cement  all  around  the  bunch  of  conduits  is 
1\  inches.  The  Ixxirds  en  the  side  of  the  trench  are  \l  inches, 
and  there  are  2-inch  boards  on  the  top.  Three-inch  wrought-iron 
reamed  pij:)e  is  used,  which  is  superior  to  the  ordinary  commercial 
pipe,  in  that  it  is  reamed  after  being  rolled  to  insure  that  tkert  -SlX^ 
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particularly  where  its  rather  high  first  cost  is  not  a  serious  objec-      J 
tion.     Its  advantages  are  great  strength  to  resist  the  severe  strains      j 
due  to  the  pressure  of  the  earth,  often  aggravated  by  unequal  set-      * 
tliug.     It  is  also  well  adapted  to   withstand   blows   of  pick-axes, 
shovels,  etc.,  to  which  conduits  are  exposed  during  subsequent  ex- 
cavations of  the  same  ground.     Wrought -iron  or  steel  pipes  require 
to  be  of  less  thickness,  and  therefore  occupy  less  space  than  any 
other  form  of  conduit.     They  can  be  joined  by  screw  or  other  con- 
nections which  are  most  secure,  and  can  also  be  made  water-tight. 
Such  a  pipe  can  be  bent  to  a  reasonable  extent  without  breaking 
or  opening  the  joints ;  whereas  with  almost  any  other  form  of  con- 
duit the  unequal  settling  of  the  ground^  which  is  almost  certain  to 
occur,  is  likely  to  crack  or  break  it.  I 

The  disadvantages  of  wrought-iron  pipes  are  their  somewhat 
high  first  cost,  and  the  fact  that  they  are  made  of  conducting 
material,  which  will  cause  a  ground  connection  if  the  insulation  of 
the  wire  is  injured.  It  is  doubtful,  however,  if  non-conducting  con- 
duits, such  as  earthenware,  are  really  better  for  underground  con- 
.stniction.  If  a  difficulty  occurs  in  the  insulation  of  the  wire,  the 
incidental  insulation  afforded  by  the  conduit  is  hardly  sufficient  to 
enable  the  circuit  to  be  worked  properly.  The  moisture  which 
would  almost  always  be  present  would  produce  a  sufficient 
"ground"  to  render  it  undesirable  and  probably  dangerous  t<fl 
employ  the  conductor.  In  most  cases  it  would  be  just  as  well,  and 
would  enable  a  fault  to  be  more  quickly  detected  and  located,  if  a 
"dead  ground,"  i.e.,  low-resistance  ground  connection  were  made 
immediately.  In  fact,  with  high-tension  circuits  in  non-conducting 
conduits,  it  is  important  to  have  the  lead  sheathing  of  the  cables 
that  are  ordinarily  used  well  grounded  throughout  its  entire  length» 
otherwise  a  defect  in  the  insukition,  or  simply  the  electrostatidfl 
charging  and  discharging  which  takes  place  with  alternating  cur- 
rents, render  it  dangerous  to  touch  the  lead  sheathing.  ■ 

Wrought-Iron  Pipe  in  Hydraulic  Cement.  —  This  is  used  t(l| 
quite  a  large  extent,  the  ordinary  construction  for  this  conduit 
consisting  in  digging  a  trench  in  the  street,  the  size  dependingJ 
upon  the  number  of  pipes  to  be  laid.     The  bottom  of  this  trenc 
after  being  carefully  leveled  or  graded,  is  covered  with  a    laye 
of  g0(Kl  concrete   2  to  4  inches  deep,  and  the  sides  are  bra 
with  plank.     A  suitable  mixture  iiix  this  purpose  is  composed 
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two  parts  of  Rosendale  cement,  three  parts  sand,  and  five  parts 
broken  stone.  Broken  stone  to  pass  through  a  one  and  one -half 
inch  mesh.  The  concrete  is  well  rammed  into  place,  and  a  layer 
of  wrought -iron  pipe  is  laid  upon  it.  The  diameter  of  these  pipes 
depends  upon  the  size  and  number  of  cables  that  they  are  to  re- 
ceive, the  standard  being  3  or  4  inches  in  diameter,  and  ^  inch 
thick.  The  pipes  are  in  20-fout  lengths,  and  are  joined  by  means 
of  a  tapering  or  vanishing  screw  thread  coupling,  forming  a  joint 
which  is  water-  and  gas-tight,  and  can  easily  be  made  as  the  pipes 
are  laid  in  place.  When  the  first  layer  of  pipes  is  in  place,  spaces 
between  and  around  them  are  filled  with  concrete.  The  distance 
between  the  pipes  is 
usually  one-half  to  three- 
quarters  of  their  diam- 
eter, the  thickness  of  the 
concrete  on  the  sides 
being  about  the  same 
amount.  The  concrete 
is  filled  in  over  the  pipes 
tu  a  depth  about  half 
of  a  diameter,  and  then 
another  layer  of  pipes  is 
laid  and  packed  around 
with  concrete  as  before- 
After  the  last  rtjvv  is  in 
place,  a  covering  of  con- 
crete from  2  to  3  inches 
in  thickness  is  spread  over  it,  and  a  layer  of  yellow  pine  plank  2 
inches  thick  is  laid  upon  this.  The  chief  object  of  the  latter  is  to 
serve  as  a  protection  agamst  the  tools  of  the  workmen  in  case  of 
later  excavations.  Experience  has  shown  that  men  will  dig  down 
thr<^»ugh  concrete,  but  will  turn  aside  from  the  wood. 

The  following  construction  is  standard  in  this  kind  of  work 
being  used  in  New  York  City.     (See  Fig.  212.) 

The  thickness  of  cement  all  around  the  bunch  of  conduits  is 
\\  inches.  The  boards  en  the  side  of  the  trench  are  1  \  inches, 
and  there  are  2-inch  boards  on  the  top.  Three-inch  wroughl-iron 
reamed  pipe  is  used,  which  is  superior  to  the  ordinary  commercial 
pipe,  in  that  it  is  reamed  after  being  rolled  to  insure  iVv^A  tVvci^  "ax^ 
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particularly  where  its  rather  high  first  cost  is  not  a  serious  objec- 
tion.    Its  advantages  are  great  strength  to  resist  the  severe  strains 
due  to  the  pressure  of  the  earth,  often  aggravated  by  unequal  set- 
tling.    It  is  also  well  adapted  to  withstand  blows   of  pick-axes, 
shovels,  etc.,  to  which  conduits  are  exposed  during  subsequent  ex- 
cavations of  the  same  ground.     Wrought-irun  or  steel  pipes  require 
to  be  of  less  thickness,  and  therefore  occupy  less  space  than  any 
other  form  of  conduit.     They  can  be  joined  by  screw  or  other  con- 
nections which  are  most  secure,  and  can  also  be  made  ^vater-tight. 
Such  a  pipe  c^m  be  bent  to  a  reasonable  extent  without  breaking 
or  opening  the  joints  ;  whereas  with  almost  any  other  form  of  con- 
duit the  unequal  settling  of  the  ground,  which  is  abnost  certain  to 
occur,  is  likely  to  crack  or  break  it. 

The  disadvantages  of  wr ought-iron  pipes  are  their  somewhat 
high  first  cost,  and  the  fact  that  they  are  made  of  conducting 
material,  which  will  cause  a  ground  connection  if  the  insulation  of 
the  wire  is  injured.  It  is  doubtfid,  however,  if  non-conducting  con- 
duits, such  as  earthenware,  are  really  better  for  underground  con- 
struction. If  a  difficulty  occurs  in  the  insulation  of  the  wire,  the 
incidental  insulation  afforded  by  the  conduit  is  hardly  sufficient  to 
enable  the  circuit  to  be  worked  properly.  The  moisture  which 
would  almost  always  be  present  would  produce  a  sufficient 
"  ground "  to  render  it  undesirable  and  probabl)^  dangerous  tofl 
employ  the  conductor.  In  mo.st  cases  it  wcmld  be  just  as  well,  and 
would  enable  a  fault  to  be  more  quickly  detected  and  located,  if  a 
"  dead  ground,"  i.e.,  low-resistance  ground  connection  were  made 
immediately.  In  fact,  with  high-tension  circuits  in  non-conducting 
conduits,  it  is  imi>ortant  to  have  the  lead  sheathing  of  the  cables 
that  arc  ordinarily  used  well  grounded  throughout  its  entire  lengthj 
otherwise  a  defect  in  the  insulation,  or  simply  the  electrostatiifl 
charging  and  discharging  which  takes  place  with  alternating  cur- 
rents, render  it  dangerous  to  touch  the  lead  sheathing.  _ 

Wrought-Iron  Pipe   in  Hydraulic  Cement This  is  used  t(i| 

quite  a  large  extent ^  the  ordinary  construction  for  this  conduit 
consisting  in  digging  a  trench  in  the  street,  the  size  de|:)ending 
upon  the  number  of  pipes  to  be  laid.  The  bottom  of  this  trench, 
after  being  carefully  leveled  or  graded,  is  covered  with  a  1 
of  gO(xl  concrete  2  to  4  inches  deep,  and  the  sides  are  bracedl 
with  plank.     A  suitable  mi.xture  for  this  purpose  is  composed 
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two  ports  of  Rosendale  cement,  three  parts  sand,  and  five  parts 
broken  stone.  Broken  stone  to  pass  through  a  one  and  one-half 
inch  mesh.  The  concrete  is  well  rammed  into  place,  and  a  layer 
of  wrought-iron  pipe  is  laid  upon  it.  The  diameter  of  these  pipes 
depends  upon  the  size  and  number  of  cables  that  they  are  to  re- 
ceive, the  standard  being  3  or  4  inches  in  diameter,  and  ^  inch 
thick.  The  pipes  are  in  20-fuut  leni^hs,  and  are  joined  by  means 
of  a  tapering  or  vanishing  screw  thread  coupling,  forming  a  joint 
which  is  water-  and  gas-tight,  and  can  easily  be  made  as  the  pipes 
are  laid  in  place.  When  the  first  layer  of  pipes  is  in  place,  spaces 
between  and  around  them  are  filled  with  concrete.  The  distance 
between    the    pipes 


IS 


usually  one-half  to  three- 
quarters  of  their  diam- 
<?ter,  the  thickness  of  the 
concrete    on    the    sides 
'^ing  about    the    same 
^ount.     The  concrete 
^  filled  in  over  the  pipes 
^^  a  depth   about    half 
^^  a  diameter,  and  then 
another  layer  of  pipes  is 
«Jd  and  packed  around 
^'^ith  concrete  as  before. 
'^fter  the  last  row  is  in 
P'^ce,  a  covering  of  con- 
^^tc  from  2  to  3  inches 


TO  rmCfT  tURFACE 
A  MINIMUM  OF  a' 
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fiq.  212,    Cross-Section  of  iron  Pips  Comtuft. 


J^  thickness  is  spread  over  it,  and  a  layer  of  yellow  pine  plank  2 
"^ches  thick  is  laid  upon  this.  The  chief  object  of  the  btter  is  to 
'*^'"Ve  as  a  protection  against  the  tools  of  the  workmen  in  case  of 

»^^^r  excavations.     Experience  has  shown  that  men  will  dig  down 
^'^rrjugh  concrete,  but  will  turn  aside  from  the  wood. 
The  following  construction  is  standard  in  this  kind  of  work 
'^ing  used  in  New  York  City.     (See  Fig.  212.) 

The  thickness  of  cement  all  around  the  bunch  of  Cfmduits  is 

i-    inches.     The  k)ards  en  the  side  of  the  trench  are  1  i  inches, 

^"^d  there  are  2-inch  b«]tards  on  the  top.     Three-inch  wrcjught-iron 

^^med  pipe  is  used,  which  is  superior  to  the  ordinary  commercial 

t**pe,  in  that  it  is  reamed  after  being  rolled  to  insure  that  there  are 
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no  blisters  or  rough  i>omts  on  ihc  uiteriur  of  the  pipe.  The  pipe 
is  dipped  in  a  tar  to  prevent  rusting.  Fig.  212  shows  a  12-duct 
construction.     This  is  larger  than  the  average. 

The  pipes  are  laid  at  \\  inches  betv^'een  centers,  both  between 
the  rows  and  the  pijx;s  in  the  rows.  This  adds  up,  for  total  con- 
duit construction,  about  1^  feet  deep  by  2  feet  broad. 

A  cement  formula  that  has  been  fnund  sufficient  is,  Cement 
1  part,  sand  2  parts,  and  \  inch  broken  stone  %\  parts. 

It  is  evident  that  this  construction  is  extremely  substantia!  and 
well  adapted  to  withstand  the  most  severe  mechanical  forces,  being 
alsu  gas- and  water-tight.  The  irun  pipes  are  found  to  last  very 
well^  the  action  on  their  external  surfaces  being  very  slight.  They 
rust  internally  to  a  considerable  extent,  being  exposed  to  moisture 
and  air  ;  but  it  would  take  a  long  time  for  them  to  be  corroded 
away  entirely.  Even  should  this  occur,  a  snuxjth  hole  will  be  left 
in  the  concrete,  and  would  still  serve  as  a  conduit  for  the  conduc- 
tors, and  would  last  almost  indefinitely. 

The  use  of  asi>haltic  concrete  instead  of  that  containing  cement 
has  been  proposed  ;  but  it  would  be  still  more  expensive,  and  would 
not  seem  to  offer  a  compensating  advantage.  The  manholes,  hand- 
holes,  and  methods  of  distribution  employed  in  connection  with 
this  form  of  conduit,  will  be  described  later,  since  they  are  quite 
similar  for  all  types; 

Wrought-Iron  Pipes  Lined  with  Wood  have  also  been  used  ;  but, 
as  already  stated^  it  is  doubtful  if  a  non-conducting  conduit  is 
especially  desirable.  But  the  wmnJen  lining  would  at  least  serve 
as  a  means  <\{  preventing  the  chafing  of  the  cable  as  it  is  drawn  in, 
and  might  in  that  way  prove  a  valuable  feature.  On  the  other 
hand,  it  might  tend  to  corrode  the  lead  covering  of  cables  as  de- 
scribed later  under  "Wooden  Conduits." 

Wrought-Iron  Pipe,  Cement  Lined.  —  This  form  of  ducts  usually 
consists  of  eight-foot  lengths,  made  of  thin  (No,  26,  B.  W.  G.) 
sheet  iron,  riveted  every  two  inches,  as  represented  in  Fig.  213. 
The  pipes  are  lined  with  a  layer  of  pure  Rosendale  cement,  |  of  an 
inch  thick,  no  sand  being  used.  The  internal  diameter  is  3  inches, 
making  the  external  diameter  approximately  4A-  inches.  The  out- 
side of  the  pipe  is  tarred  to  prevent  rusting.  The  interior  surface 
of  the  cement  is  extremely  smooth  ;  in  fact,  it  has  a  polished  ap- 
pearance,  so  that  there  is  not  atv  exc&SiS.\NQ.  ^Lmount  of  friction  to 
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irxtcrfere  with  the  introduction  or  withdrawal  of  the  cables.  Each 
seotioii  weighs  between  40  and  50  pounds,  and  is  therefore  easily 
ha^ndled  in  laying  and  joining.  These  pipes  are  laid  in  cement  in 
a  TTianner  similar  to  that  described  in  the  case  of  plain  iron  pipe, 
t^i^t  the  thickness  of  the  pipes  is  somewhat  greater.  This  form  of 
Conduit  can  be  laid  rapidly.  Twenty  ducts  with  a  total  of  12,820 
fe^t  of  pipe  were  put  down  in  a  single  day  in  St.  Louis.  The 
S^.ng  of  men  retjuired  to  do  this  work  were  36  concrcters,  52 
*^V>orers,  6  bricklayers  with  (>  helpers,  and  6  overseers.  The 
*^*~«nch  in  this  case  was  already  open ;  but  the  work  included  the 


I 
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fig.  213,    Ctm§nt-Httwt  Iron  Pip: 

building  of  1|  manholes  and  4  handholes.  In  another  case  a  gang 
^-*f  108  laborers,  40  concreters,  5  bricklayer.s,  and  5  helpers,  with 
«  overseers  dug  a  ditch  1157  feet  long,  put  in  5  ducts,  and  filled 
^ti  the  trench  in  a  single  day.  These  may  be  considered  as  ex- 
traordinary •' runs,"  an  average  of  500  duct  feet  complete  being 
"the  usual  result  of  a  day's  work.  Figs.  214  and  217  show  con- 
duits in  course  of  construction. 

Cast-iron  Pipe  Conduit. —  These  are  similar  to  the  plain 
Vvrought-iron  pipe  aheady  described.  In  order  to  have  equal 
strength  the  cast-iron  would  have  to  be  thicker  than  the  wrought- 
iron,  so  that  the  cost  would  be  as  great  <  w  greater ;  and  since  the 
I'ormer  occupies  more  space,  and  is  heavier  to  handle,  there  is  no 
,great  advantage  in  empltjying  it.  Cast-iron,  however,  lasts  longer 
in  the  earth  than  v\Tought-iron. 

Cast-Iron  Trough  Conduits,  =-  Various  forms  of  this  construc- 
tion have  been  used,  a  prominent  example  being  the  Johnstone 
conduit.  This  consists  of  shallow  troughs  of  cast-iron  in  lengths 
of  about  l5  feet,  which  may  be  laid  directly  in  the  earth,  a.s  repre- 
sented in  Fig.  215.  The  cables  are  then  run  along  in  the  trough, 
and  covers  of  cast-iron  are  placed  o\^er  the  troughs,  the  two  being 
bolted  together.  This  construction  possesses  the  advantages  that 
the  cables  are  laid  directly  in  place  without  being  drawn  in,  so  that 
there  is  less  liability  of  their  being  injured  ;  and  still  more  impor- 
tant is  the  fact  that  the  cables  are   accessible  at  any  point  for 
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pspection,  repair,  or  branch  connection,  by  simply  removing^  one 
of  the  sections  of  cover,  which  are  very  easily  unbolted  and 
handled.  For  this  reason  the  system  is  particularly  well  adapted 
to  distribution,  in  contradistinction  to  transmission  of  current  on 
feeders  or  trunk  lines.  Unfortutiately  the  cost  is  so  high  as  to 
be  almost  prohibitive.  In  some  cases  the  troughs  are  completely 
illed  with  an  insulating  compound  after  the  conductors  are  laid  in 
;hem,  thus  excluding  moisture,  gases,  chemical  agents,  etc.,  that 
night  otherwise  leak  in  and  injure  the  insulation.  Such  construc- 
aon,  however,  comes  under  the  head  of  "built-in  "  and  not  'Ulraw- 
ing-in  "  systems. 

The  self-induction  of  alternating  current  conductors  laid  in  inm 
pipes  or  troughs  must  be  overcome  by  twin  or  concentric  cables. 

Earthenware  Conduits. —  Various  forms  known  as  "terra- 
cotta," "glazed -clay,"  and  "hollow-brick  tile"  conduits  are  manu- 
factured and  used. 
The  ordinary  single- 
duct  form,  illustrated 
in  Fig.  216,  consists 
of  an  earthenware 
pipe  18  inches  long, 
the  internal  diameter 
being  usually  3  inches,  but  smaller  and  larger  sizes  are  made  also. 
The  thickness  of  the  walls  is  about  |  inch,  the  external  form  being 
octagonal,  as  shown.  These  are  made  of  clay  burned  mi>derately 
hard,  and  glazed  inside  and  out.     They  are  laid  in  a  trench  ui>on  a 

bed  of  concrete  from   3  to  6 
inches  thick,  being  placed  side 
by  side  with  spaces  of  \  or  \ 
inch  between  them,  which  are 
filled     with     cement     mortar. 
Single-duct  conduit  joints  being 
self-centering,  are  simply  sock- 
eted one  into  the  other.     The 
conduit  is  built   up  in  layers, 
with  the  pi]:tes  breaking  joints 
very  much  like  the  bricks  in  an  ordinary  wall.     The  concrete  con- 
sists of  1  part  cement,  2  parts  sand,  and  6  parts  screened  gravel, 
broken  stone,  or  broken  brick  ;  the  stone  to  pass  vVito\:i^  \Vvcv^ 


Fig.  216.    9lcu*d  Claif  Conduit 


Fig.  h7.    eiaied  Cfag  Conduit. 
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Fig.  21*.    Wrougftt-tron  Pipe  Condutt  In  Courst  of  Conttructioiu 


Fig.  216.     Ctiai-tron  Trough  Conduit. 
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inspection,  repair,  or  branch  connection,  by  simply  removing  one 
of  the  sections  of  cover,  which  are  very  easily  unb<vlted  and 
handled.  For  this  reason  the  system  is  particularly  well  adapted 
to  distnbution,  in  contradistinction  to  transmission  of  current  on 
feeders  or  trunk  lines.  Unfortunately  the  cost  is  so  high  as  to 
be  almost  prohibitive.  In  some  cases  the  troughs  are  completely 
filled  with  an  insulating  compound  after  the  conductors  are  laid  in 
them,  thus  excluding  moisture,  gases,  chemical  agents,  etc.,  that 
might  otherwise  leak  in  and  injure  the  insulati<Kn.  Such  construc- 
tion, however,  comes  umler  the  head  of  "built-in  "  and  not  "draw- 
jng-in  "  systems. 

The  self-induction  of  alternating  current  condvjctors  laid  in  imn 
pipes  or  troughs  must  be  ov^ercome  by  twin  or  concentric  cables. 

Earthenware  Conduits Various  forms  known  as  *' terra- 
cotta," "glazed-clay,"  and  *•  hollow-brick  tile"  conduits  are  manu- 
factured and  used. 
The  ordinary  single- 
duct  form,  illustrated 
in  Fig.  21  fj,  consists 
of  an  earthenware 
pipe  18  inches  long, 
the  internal  diameter 
being  usually  3  inches,  but  smaller  and  larger  sizes  are  made  also. 
The  thickness  of  the  walls  is  about  f  inch,  the  external  form  being 
octagonal,  as  shown.  These  arc  made  of  clay  burned  moderately 
bard,  and  glazed  inside  and  out.     They  are  laid  in  a  trench  up(jn  a 

bed  of  concrete  from   3  to  6 
j  •         I  II      inches  thick,  being  placed  side 

I^B  ,-X*^^-__,^  I        by  side  with  spaces  of  i-  or  ^ 

^V  ff^B^^i^^^l"''  '        ^^^^  between  them,  which  are 

I  ^Sti^^^mSs^^ll    ,         filled     with     cement     mortar. 

Single-duct  conduit  joints  being 
self-centering,  are  simply  sock- 
eted one  into  the  other.  The 
Conduit  is  built  up  in  layers, 
with  the  pipes  breaking  joints 
very  much  like  the  bricks  in  an  ordinary  wall.  The  concrete  con- 
isists  of  1  part  cement,  2  parts  sand,  and  6  parts  screened  gravel, 
broken  stone,  or  broken  brick  ;  the  stone  to  pass  through  l^-inch 


fig.  210.    eioftt  Ctatf  Coniiuit. 


Fig.  il7.    eiaied  Cfag  Conduit 
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apeclion,  repau-,  or  branch  connection,  by  simply  removing'  one 

the  sections  of  cover,  which  are  very  easily  uiibultcd  and 
ndletl.      For  this  reason  the  system  is  particularly  well  adapted 

distribution^  in  contradistinction  to  transmission  of  current  on 
iders  or  trunk  lines.     Unfortunately  the  cost   is  so  high  as  to 

almost  prohibitive.  In  some  cases  the  troughs  arc  completely 
Led  with  an  insulating  compound  after  the  conductors  are  laid  in 
em,  thus  excluding  nnjisture,  gases^  chemical  agents,  etc.,  that 
ight  otherwise  leak  in  and  injure  the  insulation.  Svich  construc- 
>n,  however,  a:)mes  under  the  head  of  "built-in  '*  and  not  "draw- 
gf-in  "  systems. 

The  self-induction  of  alternating  current  conductors  laid  in  iron 
3es  or  troughs  must  be  overcome  by  twin  (»r  concentric  cables. 

Earthenware  Conduits.  —  Various  forms  knowTi  as  "terra- 
Ita,"  "glazed-clay."  and  "hollow-brick  tile"  conduits  are  manu- 
;tured  and  used, 
le  ordinary  single- 
ct  form»  illustrated 
Fig.  21t>,  consists 
■kn  earthenware 
>e  18  inches  long, 

,     ,.  ^  fig.  219.    Qiafd  Clai/  Conduit 

t  internal  diameter 

ing  usually  3  inches,  but  smaller  and  larger  sizes  are  made  also, 
le  thickness  of  the  walls  is  about  |  inch,  the  external  form  being 
tagonal,  as  shown.     These  are  made  of  clay  burned  moderately 

K glazed  inside  and  out.     They  are  laid  in  a  trench  \\\Mm  a 
bed  of  concrete  from   3  to  6 
I  11      inches  thick,  being  placed  side 

^ x.^___^^     I        by  side  with  spaces  of  \  or  \ 
|kMflfr^tfj^^^y  I       inch  between  them,  which  are 

filled  with  cement  mortar. 
Single-duct  conduit  joints  being 
self-centering,  are  simply  sock- 
eted one  into  the  other.  The 
conduit  is  built  up  in  layers, 
with  the  pipes  breaking  joints 
y  much  hke  the  bricks  in  an  ordinary  wall.  The  concrete  con- 
ts  of  1  part  cement,  2  imrts  sand,  and  5  parts  screened  gravel, 
stone,  or  broken  brick  ;  the  stone  to  pass  through  li-inch 


[  fig.  in.    erazed  Clay  Conduit. 
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mesh  ;  the  cement  and  sand  to  he  first  thoroughly  mixed  dr^',  then 
a  sufficient  quantity  of  water  abided  to  make  a  rather  soft  mortar ; 
the  gravel,  stone,  or  brick  to  be  added  afterwards,  and  thoroughly 
mixed.  The  gravel,  stone,  or  brick  shoukl  not  exceed  one  inch  in 
its  greatest  diameter  The  conduit  is  usually  protected  on  the 
sides  and  top  by  a  layer  of  concrete  at  least  three  inches  thick ; 
but  in  some  cases  the  concrete  is  omitted,  when  two  one-inch  yel- 
low  pine  boards  are  i)laced  over  conduit.  Great  care  should  be  ex- 
ercised in  laying  the  ducts  so  that  the  alignment  is  sufficiently  good 
to  enable  the  conductor  to  be  easily  drawn  in  and  without  injur)'. 
This  is  generally  secured  by  inserting  a  mund  stick  or  mandrel  of 
wood  thrtiugh  the  ducts  as  they  are  laid.     The  mandrel,  which  fits 
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ir  5iD£  concrete:  is  used  ado 6'^ to  measurement  tor  width., 

fig.  218.    MuttffiltHtuct  Earthenware  Conduits, 

the  bore  of  the  pii>es  quite  closely,  insures  tliat  they  are  in  line 
while  being  filled  arnund  with  mortar,  and  there  is  a  disk  of  rubber 
on  the  end  of  the  mandrel  that  acts  to  scrape  out  any  mortar  or 
dirt  that  may  happen  to  get  into  the  duct.  The  axis  of  each  pi 
is  slightly  curved,  and  they  shtmld  be  laid  so  tliat  the  convex  side  i 
upward^  in  order  that  the  joints  shall  interfere  as  little  as  possible 
with  drawing  in  the  cables.  The  advantage  of  this  form  of  conduit 
is  its  simplicity,  cheapness,  and  the  fact  that  any  desired  number 
of  ducts  may  be  put  together;  and  to  avoid  obstructions  under 
ground,  the  geometrical  form  of  the  conduit  may  be  modified  b; 
different  arrangement  t)f  the  separate  pij^es,  and  it  is  quite  easy  t 
slightly  change  its  direction,  so  that  it  may  be  carried  around  ob- 
stacks. 
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Multipk-duct  carthcmvarc  conduits  are  similar  in  general  form 
and  method  of  laying  to  the  single-duct  construction  just  described. 
The  difference  lies  in  the  fact  that  each  unit  contains  two  or  more 
ducts,  as  represented  in  Fig.  218.  In  this  way  space  and  the  labor 
of  laying  are  somewhat  economized.  Multiple-duct  conduits  are 
centered  with  two  dowel  pins  at  each  joints  and  then  wrapped  with 


^■H  FlQ.  219.    -Jofnia  in  Muttiptt-duct  GonstulU. 

^^Psix-inch  strip  of  asphalted  burlap,  or  with  a  six-inch  strip  of  damp 
cheese  clf)th,  and  then  given  a  coating  of  cement  mortar,  as  shown 
in  Fig.  219. 

ft  Earthenware  Trough  Conduits  consist  of  clay    troughs,  either 

■  simple  or  witli  jxirtitinns,  as  represented  in  Fig.  220.  The  usual 
dimensions  are  3  or  4  inches  square  for  each  comj^artment,  with 

f 

W  fig.  220.    €artht»mar»  Trough  CoiidultB. 

■  walls  about  1  inch  thick,  the  sections  being  2  to  4  feet  long,  and 
weighing  about  85  pounds  each  for  the  2-foot  four-iluct  trough 
shown.  To  cover  the  top  trough  a  sheet  of  mild  steel,  No.  22 
gauge,  is  bent  to  fit  over  the  sides  to  hold  it  in  place,  and  is  cov- 
ered  over  with  concrete.  When  the  latter  has  solidified,  it  acts  as 
a  roof  to  the  top  layer  of  ducts»  even  though  the  sheet  of  steel 
rusts  entirely  away. 


L 
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:tmg  a  con-  ■ 


f\q.  227.     Wooden  Pipe  Conduit 


Ducts  formed  in  Concrete.  —  A  method  of  constructing 
duit  consists  in  partly  filling  a  trench  with  concrete  in  which 
continuous  longitudinal  holes  are  formed  to  serve  as  ducts  after 
the  concrete  has  hardened.  One  plan  is  to  use  collapsible  man- 
drels of  wood  or  metalj  which  arc  placed  where  the  ducts  are 
desired  and  then  filled  around  with  concrete.  When  the  concrete  U 
has  solidified  the  mandrels  arc  made  to  collapse,  and  taken  out  in 
pieces.  Another  means  of  producing  a  similar  result  is  to  employ 
tubes  made  of  thin  sheet  zinc  or  iron,  which  are  placed  in  the 
concrete  as  it  is  filled  in,  and  are  just  strong  enough  to  stand  the 

pressure  to  which  they  are  sub- 
jected. It  is  expected  that  the 
thin  metal  will  soon  corrode 
awa)'.  but  tht.*  ducts  will  remain 
in  the  mass  of  concrete. 

Wooden  Pipe  Conduit.  —  A  J 
simple  and  cheap  form  of  con- 
duit consists  of  pieces  of  wood 
3  to  6  feet  long  and  4^  inches 
square,  through  which  a  nnind  hole  3  inches  in  diameter  is  bored 
longitudinally.     These  are  laid  side  by  side  in  layers,  as  shown  in 
Fig.  lilil,  to  form  a  conduit   with  any  desired   number   of   ducts.  _ 
At  the  bottom  and  top  a  layer  of  plank  is  laid  to  protect  and  hold  f 
in  place  the  separate  pieces.     There  is  a  projection  at  one  end  of 
each  section  which  fits 
into    a    correspi  )nding 
recess  in  the  next  sec- 
tion,   as    indicated    in 
Fig.  222.    This  conduit 
is    often   called   pnynp- 
lo^  conduit. 

Wooden  Trough  or  Box  Conduit.  —-Ducts  about  3  inches  .square 
are  made  of  horizontal  iKords  aiul  vertical  pnrtitions  of  )'ellow  pine 
one  inch  thick.  This  may  be  laid  in  convenient  lengths  of  about  i 
12  feet  or  may  be  built  along  continuously.  The  wixid  should 
have  been  previously  treated  with  creosote  or  dead  oil  to  present 
it,  as  described  on  page  244,  and  the  whole  exterior  of  the  conduit 
is  coated  with  tar.  ■ 

Tho  objection  tf)  this  or  an^/  lotm  of  wooden  conduit   is  the 
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tliat  the  decay  of  the  wood  tends  to  form  acetic  acid  which 
attacks  the  lead  sheathing  that  is  usually  applied  to  underground 
conductors.  This  produces  a  white  scale,  irregular  pits,  or  a  white 
efflorescence  on  the  lead,  and  is  likely  to  cause  much  more  damage 
than  the  dark  brown  uniform  coating  which  sometimes  forms  on 
lead  but  stops  further  action.  The  lead  acetate  resulting  from  the 
first-described  action  is  often  decomposed  by  carbonic  oxide  chan- 
ging it  to  lead  carhonate,  and  setting  free  the  acetic  acid  which 
again  attacks  the  lead  and  so  on.  The  decay  of  the  wcHjd  and 
formation  of  acetic  acid  are  intended  to  be  prevented  by  the 
treatment  with  creosote  or  dead  oil,  but  this  may  not  be  entirely 
effective.  Wo(xl  is  gtjod  for  temporary  work,  for  it  will  last  about 
10  or  15  years,  and  can  be  easily  cut  into  for  changes  and  repairs 
or  side  connections. 

Fiber  Conduit  consists  of  pipes  made  of  wood  pulp,  having 
about  the  same  thickness  as  cast-iron  pijie.  Slip  joint  conduit  for 
electrical  subways  is  3  inches  inside  diameter,  and  has  short  sock- 
ets on  the  ends,  one  to  fit  inside  the  other,  keeping  the  lengths 
centered,  and  making  it  much  easier  to  lay  than  a  mere  butt  joint. 
It  is  laid  in  cement  like  iron  pipe.  The  screzv  jinttt  pipe  will  form 
a  tight  line,  and  is  used  for  running  underneath  the  lawns  of 
private  houses,  fir  underneath  the  streets  of  villages,  the  importance 
uf  which  will  not  warrant  the  cost  of  building  electric  subways. 
Being  used  in  this  manner  like  iron  pipe,  it  can  be  cut  with  a  saw 
or  lathe  tools.  It  is  said  not  to  corrode  nor  change  in  dimensions 
with  varying  temperature. 

Ordinary  amduit  construction  is  illustrated  in  Fig.  223,  the 
conduits  in  this  case  being  terra-cotta,  but  may  consist  of  other 
kinds  of  pipe. 

It  is  hardly  necessary  to  lay  conduits  below  the  frost  line  as 
they  are  not  likely  to  be  injured  by  frost.  When  laid  in  concrete 
they  should  be  at  least  2  feet  below  the  surface,  and  when  clay 
pipes  are  laid  bare,  3  feet,  to  avoid  crushing  by  the  weight  of  the 
heavy  vehicles  above. 

Edison  Tube  System  is  a  very  good  one  for  distribution,  and 
for  extending  to  new  territory  section  by  section,  being  much 
more   convenient  in  this  resj>ect  than  conduit  and  cable. 

The  Tube  consists  of  one  or  more  conductors  contained  in  and 
insulated  from  an  iron  pipe.     In  the  three-wire  sysVewi  >»j\vvcVv  'v&  "vcv 
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general  use,  three  copper  rc>ds  arc  placed  in  each  tube.  The 
system  is  a  sectional  one,  and  each  tube  is  as  complete  when  it  I 
leaves  the  factory  as  is  a  rail  from  the  roll ing-m  ill.  Like  a  rail 
it  only  needs  to  be  joined  'to  other  similar  units  to  become  part  of 
a  continuous  line.  These  tubes  may  make  as  many  bends  as  cir- 
cumstances call  for,  while  a  conduit  must  run  practically  straight 
from  manhole  to  manhole. 

In  the  three-wire  system  of  distribution  the  conductors,  whether 
overhead  or  underground,  are  divided  into  two  classes.     Feeders 


ftq.  323,     Urra-Cotta  (hm/utt  undar  C^ttftruetlon. 

which  run  from  the  stations  to  the  centers  of  distribution 
stitute  the  first  class.  Mains  radiate  from  centers  uf  distribution, 
and  loop  the  ends  of  the  feeders  together,  constituting  the  second 
class.  All  taps  to  supply  customers  with  current  are  taken  from 
the  mains.  Tubes  are  therefore  divided  into  Feeders  and  Mains, 
A  main  has  three  insulated  conductors  of  the  same  size.  A  feeder! 
has  two  principal  conductors  and  a  smaller  coni!uctor  to  serve  as  ; 
neutral  wire.   A  feeder  also  has  three  insulated  cables  of  7  stranc 
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of  No.  19  B.  W.  G.  wires  each.  These  small  cables  form  inde- 
pendent circuits  from  the  station  to  the  point  of  distribu- 
tion, and  enable  the  voltaj^c  at  the  outside  end  of  the  feeder  to 
be  read  in  the  station.  Hence  these  lines  are  called  pressure 
wires.     See  Fig,  227. 

The  conductors  are  all  copper  rods,  20  feet,  4  inches  long,  and 
project  from  2  to  3^  inches  from  each  end  of  the  pipe.  The 
pipes  are  laiMveldcd  steam  pipe,  of  full  weight. 

In  making  up  a  tube  the  ends  of  the  copper  rod  are  first 
chamfered  and  tinned.  The  pipe  is  thoroughly  cleansed  on  the 
inside.  Each  rod  is  wound  separately  with  a  prepared  rope,  and 
the  three  rods  so  wound  are  made  into  a  triangular  bundle  and 
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fig.  224,    Construction  of  Ediaon  Tubt. 

wrapi>ed  with  a  fourth  rope.  See  Fig.  224.  This  bundle  of  rods 
bound  with  rope  is  slipped  into  the  pipe.  When  the  rods  are  in 
position  the  pipe  is  placed  on  end,  and  a  melted  special  compound 
is  forced  in  from  the  lower  end.  As  the  compround  rises  it  dis- 
places the  air,  and  thus  prevents  air  bubbles.  The  ends  of  the 
pipe  are  closed  with  a  rubber  plug.  As  s(Mm  as  the  insulating 
material  is  cooled  the  completed  section  of  the  pipe  is  carefully 
tested,  the  tube  is  then  painted  to  preserve  the  iron  from  rust,  and 
is  ready  for  shipment. 

In  order  to  complete  the  system,  there  is  needed  a  means  of 
joining  the  ends  of  the  conductors  in  the  consecutive  tubes,  and 
of  insulating  and  protecting  such  a  joint  when  made. 
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In  Fig.  225  it  will  be  seen  that  the  two  ends  of  the  pipe  enter 
an  egg-shaped  casting  through  two  water-tight  sleeves  at  either 
end  of  the  oval  The  copper  rods  forming  the  conductors  are 
joined  by  coupling  joints  consisting  of  short  pieces  of  flexible 
cable  with  S(x:kets  cast  on  each  end.  These  sockets  are  driUed  to 
fit  easily  over  the  rods  which  the  joint  is  to  connect.  After  the 
connectors  are  in  place  they  are  thoroughly  soldered  to  the  ends 
of  the  conductors,  thus  making  an  electrical  joint.  The  covering 
of  the  egg-shaped  casting  is  bolted  dmvn  on  the  lower  half,  and  by 
means  of  a  small  hole  on  the  top  of  the  casting,  the  whole  of  the 
b(3x  is  filled  with  melted  insulating  compound,  which  surrounds  and 
insulates  the  copper  rods,  the   joints  and  the  tube  ends.     This 


flq,  225.    CoupUtiff  for  Cdtium  Tub*». 

compound  does   not   grow   brittle   on    cooling  or   with    age, 
remains  somewhat  plastic  even  at  freezing  temperature.     The  hole 
in  the  casting  is  closed  with  a  cast-iron  ca]>. 

Coupling-boxes  are  made  also  in  the  form  of  elbows  and  tees, 
to  provide  for  all  possible  conditions,  such  as  service  wires,  turns 
in  the  line,  etc.  The  ball  end  that  may  be  attached  to  the  end 
of  the  tube,  and  the  socket  that  it  fits  into,  permit  a  considerable 
variation  in  direction  if  desired,  there  being  a  range  of  18  degrees 
on  either  side  of  the  mean  position. 

Branches  to  the  consumers'  premises,  or  as  they  arc  commonly 
called  the  sennces^  are  short  lengths  of  tube  which  tap  the  main 
line  by  means  of  a  three-way  or  service  box.  These  bo.\es  are 
made  for  right  and  45  degree  angles.     A  four-way  box  readily  per 
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mits  of  two  services  being  taken  from  one  juint.     A  form  of  box  is 
shown  in  Fig.  226, 

Mains  are  so  placed  in  the  ground  that  the  positive  and  nega- 
tive conductors  are  on  one  side  of  the  vertical  plane  throuc^h  the 
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fig.  220.    Bnweh  C^nnatilon  of  EdfBon  Tubea. 

center  of  the  tube,  while  the  neutral  or  balancing  wire  is  on  the 
other.  See  Fig.  227.  The  side  of  the  tube  which  the  neutral 
is  on  is  called  the  inside,  because  the  main  tube  is  so  placed  that 
the  neutral  copper  is  nearer  to  the  curb  line.  The  feeders  are 
laid  symmetrically, 
with  the  right  hand 
conductor  as  the 
tube  leaves  the  sta- 
tion being  the  posi- 
tive. Services  are 
never  taken  from 
the  feeder-lines. 
This  requires  that 
at  some  center  of  distribution  the  feeder  be  split  up  and  branched 
out,  or  what  is  the  same  thing  that  it  be  connected  up  to  one  or 
more  mains.  The  feeder  enters  a  distributing-box,  and  the  con- 
ductors are  connected  to  three  copper  rings.  F*rom  these  rings,  as 
a  source  of  potential,  mains  are  led  out  through  fuses  to  supply,  by 
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In  Fig.  225  it  will  be  seen  that  the  two  ends  of  the  pipe  enter 
an  egg-shaped  casting  through  two  water-tight  sleeves  at  either 
end  of  the  oval.  The  copper  rods  forming  the  conductors  are 
joined  by  coupling  joints  consisting  of  short  pieces  of  flexible 
cable  with  sockets  cast  on  each  end.  These  sockets  are  drilled  to 
fit  easily  over  the  rods  which  the  joint  is  to  connect.  After  the 
connectors  are  in  place  they  are  thoroughly  soldered  to  the  ends 
of  the  conductors,  thus  making  an  electrical  joint.  The  covering 
of  the  egg-shaped  casting  is  b<»lted  down  on  the  lower  half,  and  by 
means  of  a  small  hole  on  the  top  of  the  casting,  the  whole  of  the 
box  is  filled  with  melted  insulating  conii)ound,  which  surrounds  and 
insulates  the  copper  rods,  the  joints  and  the  tube  ends.     This 


fig.  226.    CoupUnff  for  Edtnn  Tub9$. 

compound  does   not   grow    brittle   on    cooling   or   with   age,  but 
remains  somewhat  plastic  even  at  freezing  temperature.     The  holcj 
in  the  casting  is  ck)scd  with  a  cast-iron  cap. 

Coupling-boxes  arc  made  also  in  the  form  of  elbows  and  tees,] 
to  provide  for  all  possible  conditions,  such  as  service  wires,  turns  I 
in  the  line,  etc.  The  ball  end  that  may  be  attached  to  the  end 
of  the  tulDe,  and  the  socket  that  it  fits  into,  permit  a  considerable 
variation  in  direction  if  desired,  there  being  a  range  of  18  degrees 
on  either  side  of  the  mean  position.  M 

Bmnchts  to  the  consumers'  premises,  or  as  they  are  commonlyfl 
called  the  sennces^  are  short  lengths  of  tulx:  which  tap  the  main 
line  by  means  of   a  three-way  or  service  box.     These  boxes  are 
mach  for  right  and  45  degree  angles.     A  four-way  box  readily  per- 1 
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mits  of  two  services  being  taken  from  one  joint.     A  form  of  box  is 
shown  in  Fig.  226, 

Mains  arc  so  placed  in  the  ground  that  the  positive  and  nega- 
tive conductors  are  on  one  side  of  the  vertical  plane  through  the 
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fig,  220.    Srancit  CotittBCtloti  of  Edltan  Tubu. 

center  of  the  tube,  while  the  neutral  or  balancing  wire  is  on  the 
other.  See  Fig,  227.  The  side  of  the  tube  which  the  neutral 
is  on  is  called  the  inside,  because  the  main  tube  is  so  placed  that 
the  neutral  copper  is  nearer  to  the  ciu-b  line.  The  feeders  are 
laid  symmetrically, 
with  the  right  hand 
conductor  as  the 
tube  leaves  the  sta- 
tion being  the  posi- 
tive. Services  are 
never  taken  from 
the  feeder -lines. 
This  requires  that 
at  some  center  of  distribution  the  feeder  be  split  up  and  branched 
out,  or  what  is  the  same  thing  that  it  be  connected  up  to  one  or 
more  mains.     The  feeder  enters  a  distributing-lx)x,  and  the  con- 

Iductors  are  connected  to  three  copper  rings.     From  these  rings,  as 
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CroMS-Sectlon  of  Edison  Tub**. 


means  of  the  service  connections,  the  surrounding:^  district.     FroM^  ft 
the  rings  of  this  box  the  pressure  wires  return  to  the  station.    Th      As 
box  not  only  serves  as  a  center  of  distribution,  but  also  as  centi^s*£i 
of  equalization  of  pressure  between  the  different  parts  of  the  S) — ^^s- 
tern.     Fig.  228  shows  the  arrangement  of  the  distributing-box.     E^di 
some  cases  the  fuses  are  replaced  by  heavy  copper  strips. 

Installation  of  tfie  Tubes,     The  trench  in  which  the  tubes  ar^^B 
to  be  laid  should  be  as  a  rule  SO  inches  deep,  and  20  inches  wicak^i 


F/0.  22B.    Distributing  Sox.    Edison  Tuini  Systtm. 

at  the  bottom,  this  giving  a  trench  wide  enough  for  two  tul 
As  is  shown  in  Fig.  229,  the  main  is  laid  nearer  the  curb  to  fa« 
tate  the  taking  off  of   taps  or  services  to  the  houses  ;  such  ^B^^- 
vices  running  under  the  sidewalk,  and  entering  the  cellars  of     ^|>^ 
houses.     If   there  is  only  cjne  line  of  main  on  a  street,  it  is  '^^^ 
about  six  inches  higher  than  the  feeder,  should  there  be  oner*  "J™ 
order  that  services  may  be  taken  off  fur  both  sides  of  the  str^**^ 
The  system  may  seem  burdened  with  details ;  but  when  i^ 
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Fig,  220.    £dl9on  Undtrgnumd  Tub»t, 
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considered  that  the  system  takes  the  current  from  the  dynamo, 
and  delivers  it  to  the  consumer,  tiiat  the  tube  is  the  equivalent  of 
three  ducts  in  a  con- 
duit and  three  insu- 
lated cablciv,  and  that 
its  flexibility  is  great, 
we  see  that  it  |>os- 
sesses  advantages. 
For  many  years  it 
was  the  most  impor- 
tant underground 
system. 

Naked  Conductor 
Systems.  —  There 
are  at  least  two  meth- 
ods by  which  bare  wires  or  rods  may  be  operated  in  underground 
conduits.  One  in  which  the  wires  are  supported  on  insulators  of 
glass,  porcelain,  soapstone,  etc.,  in  the  conduits  ;  and  the  other  in 
which  the  conduit  itself  is  of  an  insulating  material. 

The  former  method  is  used  somewhat  extensively  in  Europe, 
entirely,  however,  for  low  pressure  electric  lighting  service. 

In  this  use  of  bare  conductors  care  must  be  taken  to  prevent 
the  undue  access  of  moisture  into  the  ducts,  and  especially  to 
prevent  the  flooding  of  the  conduits. 

T/u-  Cnmipion  System  of  bare  copper  strips  has  been  exten- 
sively used  in  England.     The  conduit,  or  culvert  for  a  three  wire 

system  is  shown  in  l'"ig.  230,  and  will  be 
seen  to  be  a  trench  lined  with  concrete, 
and  covered  with  a  layer  of  flag  stone. 
It  is  usually  built  under  the  sidewalks. 
Fi9.  230.  c^ompton  Cc^duiu        ^hc  couductors  are  copper  strips  1  to 

1^  inch  wide,  and  J  to  J  inch  thick. 
These  strips  rest  in  notches  on  the  t(»p  of  the  porcelain  or  glass  in- 
sulators, which  arc  carried  on  an  oak  timber  built  into  the  concrete 
walls. 

To  prevent  the  leakage  from  moisture  it  is  necessary  that  the 
number  of  the  supports  of  the  strip  be  reduced  to  a  minimum.  To 
accomplish  this,  about  every  300  feet  there  is  an  enlarged  hand- 
hole  for  a  straining  device  which  takes  all  the   sag   out   of  lK*i 


StrttcMng  Deutot  in  Cromptoit  SytUm, 


In  order  that  the  insulators  may  be  reached  for  inspection  £i-H<f 
for  cleansing,  a  hand-hole  is  placed  over  each  set  of  insulators,  — 
that  is,  about  every  50  feet, -^  and  these  boxes  are  utilized  for  tie 
service  connections.     Rubber-covered  cable  is  generally  used   for 

this   service,    and    it  rs 

3 


attached  to  the  copper 
strips  by  a  clamp  like 
C  in  Fig,   231. 

The  Kt'HHi'dy  System 
is  a  nicidification  of  the 
Crompton,  using  siJid 
porcelain  bench-like  sup- 

Fig.  232.    KtnneHi,  Condiilt  ^^^^^^   g^^  direCtly  OO  iHc 

bottom  of  the  conduit,  as  shown  in  Fig.  232. 

T/ie  CaUendcr  Solid  System.  In  the  Callender  solid  system 
a  series  of  cast-iron  tnjughs  are  laid  along  the  bottom  of  a  ta^nch 
excavated  in  the  street.     In  the  trough  the  requisite  number  <'i 
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fig.  233.     CaUBnder  Conduit. 


■  cables  are  strung,  supported  at  intervals  by  insulating  pieces  fixed 

■  in  the  troughs.     This  protection  is  found  to   be  necessary,  from 
'    the  fact  that  the  insulating  compound  with  which  the  trough  is  to 

be  filled  is  never  absolutely  hard,  but 
behaves  like  a  viscous  fluid  ;  and  the 
cables  would   otherwise  gradually  set- 

I  tie. 
The  cables  are  insulated,  and  with 
the  melted  asphalt  that  is  poured  into 
the  tniughs,  makes  an  expensive  in- 
sulation. A  cast-iron  cover  is  {ilaced 
over  the  top  of  the  trough.  A  section 
of  this  system  is  shown  in  Fig.  233. 

Electric  Light  Cables  for  use  in  con- 
duits are  of  two  classes,  according  as  the  insulation  is  or  is  not 
1    moisture  proof.      lu  the  first  class  the  insulation  is  rubber,  or  bitu- 
men,  and  the  lead  covering  is  for  the  protection  from  chemical  and 
mechanical    injuries.       The  .second   class    is    insulated   with    jute, 

■  hemp,  or  paper  impregnated  with  nil,  \va.\,  or  resinous  compound. 
The  lead  covering  of  this  cable  is  abs<)Iutely  necessary  for  its 
electrical  integrity,  on  account  of  the  hygroscopic  nature  of  the  in- 
sulation. The  latter  types  are  much  cheaper,  but  need  the  test  of 
time  to  demonstrate  their  value. 

*  Rubber  is  made  durable  and  the  cost  reduced  by  being  com- 
pounded with  littiarge,  French  chalk,  barytes,  etc.,  which  strengthen 
I  it  mechanically,  and  render  it  less  liable  to  decompose. 
Vnkanizcd  rubber  is  now  generally  used,  it  being  mechanically 
stronger,  more  flexible,  and  capable  of  standing  higher  temperatures 
than  pure  rubber.     The  prc^cess  consists  in  mbdng  a  small  amount 

I  of  sulphur  with  the  rubber,  and  subjecting  it  to  a  temperature 
of  2o0  to  200  degrees  F.,  while  keeping  it  under  pressure. 
Fearing  the  action  of  the  excess  of  uncombined  sulphur  on  the 
copper,  the  conductor  is  tinned  before  the  insulation  is  applied.  It 
will  be  seen  that  for  a  cable  of  many  strands  the  wires  themselves 
must  Idc  tinned.  The  Hf>oper  process  may  be  applied,  consisting  in 
first  covering  the  cable  with  a  layer  of  pure  rubber,  and  then  with 

■  a  layer  of  rubber  highly  pigmented  with  oxide  of  zinc,  and  then 
to  put  on  the  vulcanized  rubber.  The  requisite  amount  of  sulphur 
can  be  determined  so  closely  that  the  excess  may  be  very  small,  st^ 
that  this  sefxirating  iaycr  may  not  be  necessary , 
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The  general  method  of  iitsttlating  a  cable  is  to  first  wrap  round 
it  one  or  more  layers  of  pure  rubber  tape,  which  are  put  on  spirally ;  ■ 
the  direction  of  the  spiral  being;  reversed  fur  each  successive  layer. 
On  top  of  this,  rubber  compound  is  apphed  in  two  or  more  separate 
coatings,  each  coat  being  put  on  by  passing  the  partially  formed 
core  with  two  strips  of  rubber  compound,  one  above  and  one  below 
it,  between  a  pair  of  rollers  w^hich  fold  each- strip  half  around  the 
core,  and  press  the  edges  of  the  two  strips  together  so  as  to  make  a 


fig.  234.    Le<ui'cooar§d  Strandad  Caitla.         Fig.  235,    Dupltx  Cablm  with  Ffbrout  InutlattM, 


1^1 . 


►>^>»>v^§^ 


Bratd^ 


/Rubber 

'       CompoufKl 


Compound- 
Win 


fiff.  230.    Uttdtrgroand  Catta. 


•'^B^ 


.Wffw 


Ffff.  237.    OndargrMind  Cabta. 


r'l«ad 


Fig.  238.    Undarground  Cabfa. 


good  joint  along  each  side.     When  a  sufficient  number  of  layers 
rubber  compound  have  been  put  on  to  give  the  requisite  thickness, 
the  core  is  tightly  bound  with  a  spiral  wrapi>ing  of  prepared  rubber 
tape,  and  then  \^Ylcanizcd.     After  this  it  is  tested  ;  and  if  it  provi 
satisfactory  then  it  is  taken  to  the  taping  and  braiding  machine; 
where  the  external  covering  of  tapes  and  braiding  is  put  on. 

Lead  covering.     These  cables  are  generally  incased  for  their 
mechanical  protection.      This  may  be  done  by  drawing  the  cabl 
mto  a  lead  tube,  which  is  then  drawn  through  a  die  and  ma 
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fo  fit  the  core  tightly  ;  or  the  lead  cover  may  hn  put  on  in  a 
iiydraulic  press,  the  hot  lead  being  forced  out  through  an  annular 
die  around  the  cable. 

The  Siemens  cable  is  one  of  the  second  class,  the  conductor 
being  \vTapped  with  jute,  and  impregnated  with  a  special  bituminous 
compound  mixed  with  heavy  oil,  and  is  then  covered  with  lead. 

Paper  cable.  A  similar  cable  is  of  paper  wound  on  in  strips 
spirally  over  the  conductor  ;  and  as  each  strip  Is  applied,  it  is 
l>assed  through  a  die  which  presses  it  into  a  compact  mass.  The 
core  is  then  dried  at  a  temperature  of  2.')0'^  1*".  to  exi)el  the 
^i^oisture  from  the  pafier,  and  immersed  in  a  bath  of  compound, 
from  which  it  passes  directly  to  the  lead-covering  press. 

With  either  of  the  methods  of  lead  covering  by  a  press,  it  is 
^ifiFicult  to  test  the  soundness  of  the  lead,  unless  the  cable  is  im- 
^"^t^rsed  in  water  for  a  long  time.     I*"or  this  reason  some  makers 
PJ^efer  to  use  a  manufactured  lead  tube,  which  can  be  tested  under 
Pressure  to  see  if  it  is  sound,  aiul  then  the  cable  is  drawn  into  it. 
Figs.  234  to  2H8  represent  the  general  form  of  cables. 
As  one  type  of  si:ccial  cable,  Fig.  230  shows  a  lead-covered, 
^^r^e-conducttjr  cable,  such  as  is  being  used  for  three-phase  trans- 
'"*^Ui.sion    of    current    at    (J6U0 
^'<Jlts,    from     the     l)6th-street 
^^^tion  to  variovis  sub-stations 
iri    ;^evv  York  City.     The  con- 
^^-^ctors  arc  each  etjuixalent  to 
^  JSjo.  0000  A.  W,  G.  wire,  and 
^^^  composed  of  thirty-seven 
^^'"snds  of  tinned  I^ke  copper. 
■^•"ound   each  conductor   is  a 
**<:x»per    core    containing    no 
^^Iphur;  the  tutal   in.sulating 
^^^-11  art^und  each  conductor  is 
^9    of  an  inch.    Together  with 
'^•^^  jute  fillers  these  conduc- 
*^*^i~s  are  twisted  with  a  lay  of  abfjut  20  inches.     The  whole  is  then 
Cc>A;ered  with  a  second  insulating  wall  of  t/j  inches'  thickness.    Lead 
C^o-vering   J  inch  thick  is  then  put  on.     The  covering  is  an  alloy  of 
*^^<1   and  tin,  the  percentage   of    tin  being  2 J  to  3.      The  total 
*^tajneter  of  this  cable  is  2j  inches. 


fl^.  239.    Thr96-phaat  0000  Volt  Cabtt. 
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weaken  the  construction  of  the  main  conduits  by  having  side  con- 
nections, so  that  the  lx"st  plan  is  to  keep  those  intact,  and  provide 
a  subsidiary  duct  or  conduit  into  which  the  conductors  required  for 
local  distribution  are  run  at  one  of  the  manholes.  Such  an  arrange- 
ment is  shown  in  Fig.  252, 


"""^f^-^^^ 


J_L 


Ffff.  2S2.     Nand-hoJt  0/Mtrlltutfon. 

In  Figs.  253  and  254  are  shown  iron  subsidiary  service  boxes 

for  use  in  connection  with  terra-cotta  conduits. 

The  Edison  system  of  distribution  is  well  shown  in  Fig.  255 
which  illustrates  also  a  distributing  box  and  scr\Mce  box. 


Fig.  263.    tron  S^rvlet  Box  for  Flpt  Conduit 

The  house  vault,  back  yard,  lamp-post,  housetop,  hand-hole 
methods  of  distribution  are  easily  seen  to  refer  to  the  way  by 
which  the  service  cable  passes  from  the  subway  to  the  building. 
Street  arc  lamps  may  be  supplied  as  indicated  in  Fig.  256. 


or  other  apparatus  in  the  circuit ;  and  therefore  the  insulation  can- 
not be  tested  while  the  circuit  is  working.  This  is  a  serious  dis- 
advantage, as  with  separate  cables  a  continual  test  may  be  kept  on 
the  circuit,  which  will  often  give  warning  before  the  fault  is  suflfi- 
ciently  developed  to  prevent  the  circuit  being  worked.  Thus  an 
opportunity  is  given  to  Itxralize  the  fault  and  repair  before  any  inter- 
ruption of  the  lighting  takes  place. 

Joints  in  Cables.  —  Joints  in  solid  conductors  are  generally 
made  by  scarfing  the  ends  and  soldering ;  then  the  joint  is  tightly 
HT^pped  with  a  serving  of  copper  wire,  or  a  split  sleeve  put  on,  the 
oint  being  again  soldered.     The  flux  must  contain  no  acid. 

Stranded  cables  are  made  solid  by  dipping  the  ends  in  solder, 
md  treated  as  above. 
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In  multi-conductor   cables   the   jointing   is   more    difficult 
account   of   the  lack  of   space,   and  the  necessity  of  getting  the 
insulation  between  the  conductors. 

The  joint  of  each  conductor  is  insulated  by  ruhl>er  and  com- 
pound tape  to  the  desired  thickness. 

The  lead  covering  is  replaced  by  a  piece  of  pipe  previously 
slipped  on  the  cable,  being  soldered  to  the  lead  sheath,  or  a  wip^d 
joint  may  be  applied.  The  object  hi  both  cases  is  to  get  a  water- 
tight joint. 

In  some  cables,  after  this  lead  is  in  place,  holes  are  punched  in 
it,  and  hot  compHind  poured  into  the  interstices  which  have  been 
left.     The  holes  are  then  suklered  up. 

Manholes.  —  The  various  systems  in  which  the  conductors  are 
drawn  into  iron,  earthenware,  or  w«K>den  conduits  usually  require 
manholes  to  be  k>caled 
not  more  than  200  or 
300  feet  a|>art,  the  cables 
being  pulled  from  one  to 
the  other  by  means  of 
rope.  These  manholes 
ordinarily  consist  of 
chamliers  of  brickwork 
of  the  general  form  rep- 
resented in  Fig.  242, 
They  should  be  provided 
with  two  covers,  the 
lower  one  being  screwed 
down  on  a  rubber  gasket 
so  as  to  lie  water-tight, 
and  the  upper  one  rest- 
ing loosely  in  its  place, 
but  being  flush  with  the 
surface  of  the  street,  as  indicated. 

According  to  the  kind  and  sizes  of  the  duct,  the  form  of  the 
manhole  will  change  .slightly.     Fig.  243  shows  a  manhole  used 
connection  with  vitrified  multiduct  conduit.     Fig.  244  will  give 
good  idea  of  the  interior  of  a  manhole  looking  down  into  it  froi 
the  street* 

In  dry  or  porous  sotls  Ihe  bottom  of  the  manhole  is  some  times 


Fig.  242. 
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left  out  so  as  to  drain  it ;   when  this  is  not  feasible  a  sewer  con- 
nection is  make  to  accomplish  the  same  result.  H 

The  typical   manhole  adopted  for  the  New  York  subways  is 
shown  in  Fig.  2-1:5,  bemg  drained  by  a  pipe  P  leading  to  the  sewer. 


Fig.  244.     View  into  a  Man  halt. 

Fig,  246  is  a  view  uf  the  iron-pipe  conduit  used  extensively 
in  the  city,  showing  a  service  box  in  place,  being   practically  a 

small    manhole    withj 
side   connections   fori 
the   buildings.      Fig.] 
247  shows  such  a  box 
When  the  number  ( 
the  ducts  is  not  largv 
as  in  local  distributic 
the  manholes  and  scr-3 
vice     boxes    becon 
mere  hand-holes. 
Drawing    in    the 

F^.  245.  H.u.  York  s.t^,  «..w..  Conductofs.  —  Since  a 

duct  is  entirely  empty 
when   built,    and  is  usually  from    200  to  SCO   feet  long  betweei|l 
manholes,  it  is  necessary  lo  emiftlo^  some  special  means  of  getting" 
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weaken  the  construction  of  the  main  conduits  by  having  side  con- 
nections, so  that  the  best  plan  is  to  keep  those  intact,  and  provide 
a  subsidiary  duct  or  conduit  into  which  the  conductors  required  for 
local  distribution  are  run  at  one  of  the  majiholes.  Such  an  arrange- 
ment is  shown  in  Fig.  252. 


Fig.  2S2.    Haf)d-hot€  DistrtbtrtlOH. 


In  Figs.  253  and  254  are  shown  iron  subsidiary  service  boxes 
for  use  in  connection  with  terra-cot ta  conduits. 

The  Edison  system  of  distribution  is  well  shown  in  Fig.  255 
which  illustrates  also  a  distributing  box  and  service  box. 


Fig.  263,    /roiT  8«rvtc*  Box  for  Pipt  Conduit 

The  house  vault,  back  yard,  lamp-f>ost,  housetop,  hand-hole 
methods  of  distribution  are  easily  seen  to  refer  to  the  x^-ay  by 
which  the  service  cable  passes  from  the  subway  to  the  building. 
Street  arc  lamps  may  be  supplied  as  indicated  in  Fig.  256. 


skcUe,  and  dniCB 
icDt  bold  on  the  cable; 
tors,  as  wefl  as  to  the  kid 


^c 


the 


-^^ 


Having  attached  tbe  cifafe  thtwigh  a  swivri  to  a  Strang  rope,  it 
^  dra^Ti  into  thedoct  by  BcaiisctfaaapfBnttvissbaivrn  m  Fig.  2dl« 
l^e  cable  unwinds  frcm  the  dran  D,  as  it  is  drawn  by  tbe  wmch  W. 

It  is  e\ident  that  the  cabic  should  be  soinewhat  smaDer  thin 


i 


fig,  261.    Wime*  for  '•Orwiiim§  Im  "  Oatta. 

^tbe  duct  through  which  it  is  drawTi,  but  the  margin  need  not  be 
^eat.  For  example,  cables  2|  inch  in  diameter  can  be  dra>\'n 
through  the  standard  3-inch  ducts.  WTicn  sevcml  cables  arc  to 
be  put  in  the  same  duct  it  is  much  better  to  draw  them  all  in  at 
the  same  time  ;  but  it  is  possible  to  draw  one  into  a  duct  already 
containing  others,  provided  there  is  sjxice  enough.  It  is  also  ptis- 
sible  to  withdraw  one  or  several  cables  from  a  duct  without  serious 
injury  to  them,  in  case  repair  or  change  becomes  necessary. 

Methods  of  Distribtition  from  undergroynd  conduits  const iiuie 
one  of  the  most  serious  problems  in  connection  with  ihcm.  The 
main  or  trunk  lines  may  be  provided  for  by  the  varitnis  forms  t>f 
conduit  that  have  been  described,  but  these  do  not  reaclilv  allow 
branch  connections  to  be  made  at  frequent  intervals  to  supply  indi- 
vidual buildings.     It  is  decidedly  objectionable  to  complicate  and 
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weaken  the  construction  of  the  main  conduits  by  having  side  con- 
nections, so  that  the  best  plan  is  to  keep  those  intact,  and  provide 
a  subsidiary  duct  or  conduit  into  which  the  conductors  required  [oC 
local  distribution  are  run  at  one  of  the  manholes.     Such  an  arranged ' 
ment  is  shown  in  Fig.  252. 


i^rt    J^^/^/:^ 


yy4'''^ff* 


\yMmi 


fiq.  252.     Hana-hola  Oittribtttion. 


In  Figs.  253  and  254  are  shown  iron  subsidiary  service  boxes ' 
for  use  in  connection  with  terra-cotta  conduits. 

The  Edison  system  of  distribution  is  well  shown  in   Fig.  255 
which  illustrates  also  a  distributing  box  and  service  box. 


«r. 


ng.  253.    troH  Stnlct  Box  for  Pfpt  ConduH. 

The  house  vault,  back  yard,  lamp-post,  housetop,  hand-hole 
methods  of  distribution  are  easily  seen  to  refer  to  the  w^y  by 
which  the  service  cable  passes  from  the  subway  to  the  building'. 
Street  arc  lamps  may  be  supplied  as  indicated  in  Fig.  256. 
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In  Baltimore  there  is  a  complete  system  of  distribution,  shown 
in  Fig.  257,  and  consisting  of  two  separate  parts. 


flij.  2i4.    Iron  Stroict  Box  for  Ttrra-Cotta  Consult. 


Fig.  266.    £dl»on  Sj/sttm  of  Dlttrlbutlen. 


For  high-tension  distribution  there  is  a  wrought -iron  pipe  duct 
with  service  boxes  to  transformer  pits,  consumers,  etc.,  being  en- 
tirely a  subway,  and  entering  buildings  through  cellars. 
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For  low-tension  mains  I  here  is  a  conduit  system  of  wTought-   ■ 
iron    tubes,   cement-lined    tubes,    or    lerra-cotta   duct,    leading  lo 
pole  terminals   situated   on   each  block,   and  thence   overhead  to 
consumers. 


VENTILATION  OF   UNDERGROUND   CONDUIT  SYSTEMS. 

Considerable  difficulty  has  been  experienced  in  satisfactorily 
ventilating  subways  carrying  electric  lififht  and  power  conductors. 
When  these  systems  were  first  introduced  they  were  made  as 
nearly  as  possible  air-tight  and  the  covers  of  manholes  hermetically 


i — J — fi — ^»— * — "  '\  J      I  ^ 
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fig,  256.    Lamp'poat  Coanectfoa. 
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sealed.  The  porosity  of  the  material  forming  the  walls,  etc., 
defeated  this  end,  and  allowed  gas  to  enter  the  different  parts  of  the 
system  where  it  min^^led  with  air.  The  blowing  of  a  fuse  or  a 
spark  due  to  some  other  cause  would  often  ignite  this  mkture  of 
air  and  gas,  and  destructive  explosions  sometimes  resulted. 

To  avoid  this  danger  pumping  equipments  were  arranged  to  re- 
move the  air  fn.jm  the  subways.  This  at  first  seemed  eflfective,  as 
it  tended  to  keep  the  air  in  the  subway  in  motion,  but  it  also  in- 
duced gas  to  enter^  due  to  the  partial  vacuum  caused. 

After  abandoning  this  scheme  a  new  arrangement  was  introduced 
known  as  the  blower  system.     This  was  based  on  the  idea  that  if 
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blower  system  produces  practically  no  pressure  except  within  a 
radius  of  a  few  blocks  from  the  station. 

It  was  then  decided  to  employ  gangs  of  men  who  would  visit 
various  manholes,  remove  the  covers,  and  let  the  subway  at  these 
points  become  ventilated.  Owing  to  the  excessive  cost  of  these 
methods  they  were  finally  abandoned.  The  ventilation  of  manhole 
covers  was  then  considered.  The  chief  objection  to  ventilating 
covers  was  that  they  would  allow  the  subway  to  fill  up  with  water 
and  dirt,  and  thus  cause  trouble.  This  proved,  however,  not  tofl 
be  the  case  in  practice  ;  for  late  experiments  show  that  the  dirt  and 
water  accumulated  in  very  small  amounts,  and  that  only  a  small 
force  of  men  was  needed  to  remove  such  accumulations.  The 
amount  of  gas  which  collects  in  the  conduits  proves  relatively 
much  less  than  with  the  blower  system,  and  the  total  saving  is  very 
considerable. 

The  escape  of  gas  from  the  ^^  mains  still  constitutes  a  source 
of  much  annoyance  and  danger,  and  even  at  the  present  time  the 
precautions  above  mentioned  have  not  proved  sufficient  to  entirely 
eliminate  the  dangers  of  explosions. 

For  further  information  regarding  Underground  Electrical  Con- 
ductors reference  may  be  made  to  the  following  works  : 

Electric  Transmission  of  Energy  by  A.  V.  Abbott,  Second  Edition,  N.Y., 

Electric  Distribution  l>y  Kilgour,  Swan  and  Biggs,  London,  1893. 
Electric  Light  Cables  by  S.  A.  KusseH,  London  and  N.  Y.,  1892. 
Localisation  of  Faults  in  Electric  Light  Mains  by  F.  C.  Raphael,  London 
and  N.Y.,  1808. 

Ligues  et  Transmissions  Electriqnes  par  Wcillcr  et  Vivarei,  Paris,  1892. 
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CHAPTER   XIV, 


THE    ELECTRIC    ARC. 


Definition.  —  The  electric  arc  is  the  phenomenon  of  light  and 
heat  occurring  when  an  electric  current  persists  in  maintaining 
itself  across  an  opening  inade  in  its  circuit.  When  of  short 
duration  and  of  disruptive  character  it  is  known  as  a  spark  ;  the 
term  an  being  used  to  designate  a  continued  discharge  across  a 
bridge  of  conducting  vapor. 

History*  —  The  .spark  was  first  observed  by  Volta  in  1800,  in 
which  year,  too.  Sir  Humphry  Davy  discovered  the  particularly 
bright  spark  between  charcoal  points  separated  in  air  or  under 
hquids,  and  exhibited  it  before  the  Royal  Institution  with  the  aid 
of  a  battery  of  150  elements.  It  was  not  until  1808  that  Davy, 
with  a  battery  of  2000  elements,  was  able  to  exhibit  the  first  true 
iu"c,  an  extended  fiame  nearly  four  inches  long,  before  the  Royal 
Institution.  This  discharge  was  maintained  between  horizontal 
charcoal  points,  and  owing  to  the  current  of  heated  air  which  is 
created,  assumed  a  bow  or  arch  shape;  hence  its  name  of  **arc." 

The  intense  brilliancy  and  whiteness  of  this  light  resulted  in 
wide -spread  efforts  to  utilize  it  practically  ;  and  numerous  improve- 
ments followed,  chief  of  which  was  Foucault's  introduction  in  1843 
of  gaS'Coke  carbons  to  replace  those  of  charcoal  hitherto  used. 
Another  early  step  in  advance  was  Grove's  use  of  the  salts  of 
sodium  and  potassium  to  steady  and  increase  the  length  of  the  arc. 
The  application  of  the  arc  to  practical  purposes  was  often  at- 
tempted, but  the  cost  of  electrical  energy  generated  by  a  primary 
battery  is  so  high  that  no  commercial  success  was  accomplished 
until  the  dynamo  had  been  developed,* 
ft  General  Features  of  Arc,  ^  An  arc  may  be  maintained  by  either 

■  direct  or  alternating  current.     Under  ordinary  circumstances  the 
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two  electrodes  must  be  brought  together  before  being  separated  to 
establish  an  arc,  otherwise  several  thousand  volts  pressure  would 
be  required  to  strike  across  the  air-gap  in  the  first  place.     As  soon 
as  the  separation  of  the  terminals  commences,  the  spark,  which 
tends  to  form  at  any  break  in  a  circuit,  vaporizes  a  portion  of  the 
material  of  the  electrodes,  thus  establishing  a  bridge  of  conduct 
ing  vapor  through  which    the  current  fiow    is    maintained.     The 
concentration  of  energy  in  a  small  space  produces  an   intense  heat* 
which  vaporizes  the  electrodes  rapidly,  so  that  a  highly  refractoryi 
terminal  must  be  employed  to  avoid  its  rapid  consumption.     More- 
over, the  intensity  of  light  given  out  by  the  arc  depends  on  the  h 
temperature  to  which  the  electrodes  can  be  heated  without  being ^ 
vaporized,  therefore  a  highly  refractory  substance  like  carbon  best 
fulfills  the  requirements. 

Appearanrc.  When  an  arc  is  sprung  between  two  carbon  rods 
placed  vertically  one  over  the  other,  and  kept  about  one-eighth  of  an 
inch  apart,  a  constant  current  of  alxjut  5  to  15 
amperes  will  produce  a  stationary  condition  after 
a  few  minutes  burning.  If  observed  through 
smoked  glass,  or,  better  still,  if  the  image  of  the 
arc  and  carbons  be  projected  upon  a  white  screen 
by  a  lens,  it  will  be  seen  that  both  carbons  tend  ^ 
to  become  bluntly  pointed,  because  oxidized  awayH 
by  the  heat  ;  but  the  positive  carbon,  which  is 
usually  the  upper  on  acc<nint  of  its  emitting 
more  light,  will  have  a  hollow,  or  '•  crater,"  at 
the  tip.  This  may  be  .04  inch  deep  and  2,  incl 
across  under  average  conditions.  This  is  t 
hottest  and  most  luminous  |K)rtion  of  the 
bons,  attaining  a  temperature  of  approximate! 
3500"  C.  as  Violle  proved,  breaking  it  off  an 
drop]ying  it  into  a  water  calorimeter.  The 
tense  heat  thus  generated  can  be  realized 
the  melting  point  of  platinum  is  consider* 
which  is  1,77/1°  C.  The  negative  electrode  e: 
hibits  no  tendency  to  become  hollowed,  and  remains  pointed,  t 
fact,  the  carbon  particles  burned  from  the  tip  of  the  ]X)sitive 
bon  tend  to  deposit  in  the  shape  of  a  p<nnt  tir  nib  on  the  ncgatr 
carbon,  which  is  much  cookt  and  kss  lumii\ous  than  the  positi 
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Both  carbons  appear  lummous  some  distance  away  from  the  tips, 

■this  being  especially  noticeable    on  the  positive.      If  the  carbons 

Hcontain  impurities,  these  may  generally  be  seen  in  lx.>ads  near  the 

■tips,  to  which  they  often  work  their  way  to  be  instantly  volatilized. 

Between  the  carbon  points  is  the  arc  stream  proper,  which  assumes 

a  bow  shape  even  when  the    carbons  are  vertical,  owing  to  the 

magnetic  action  of  the  earth's  lines  of  force  on  the  current.     The 

inner  portion  of  the  arc  stream  consists  of  a  violet  hub,  probably 

of  incandescent  carbon  vapor,  surrounded  by  a  thin  non-luminous 

H  portion  where  the  carbon  combines  with  the  oxygen  of  the  atmo- 

"  sphere   in  dark  flame  to   form  carbon  monoxide  (CO).      This  is 

enveloped    in    turn   by  a  layer   of  luminous  flame   in  which  the 

carbon  monoxide  burns  to  carbon  dioxide  (CO3).     The  magnified 

image  of  an  arc  on  a  screen  will  show  occasional  carbon  particles 

flying  from  the  positive  (which  on  the  screen    seems  to  be   the 

lower  carbon)  to  the  negative,  while  other  particles  are  thrown  ofif 

mto  space  by  the  action  of  the  heated  air. 

Noise.     Under  favorable  conditions  the  arc   is  perfectly  quiet, 

but  emits  a  hissing  sound  like  frying  if  the  current  exceeds  the 

proper  value  for  the  length  of  arc  employed. 

K         Odor,     A  distinct  odor  is  noticeable  close  to  the  arc,  especially 

■  in  damp  weather,  probably  due  to  the  presence  in  small  quantities 

of  hydrocyanic  acid  gas.     Besides  this^  carbon  monoxide  and  diox- 

Iide  as  well  as  nitric  oxide  are  usually  present ;  but  none  of  these 
gases  is  given  off  in  sufficient  quantity  to  be  injurious  where  the 
voltage  .of  the  arc  dtx^s  nnt  rise  above  5«j  in  air. 
After  some  minutes    burning,   it   will   be  observed    that  both 
carbons  waste  away,  the  positive  as  a  rule  being  consumed  in  the 

•  open  direct  current  arc  about  twice  as  fast  as  the  negative,  the 
ratio  depending  on  various  conditions.  For  this  reason  the  car- 
bons must  be  fed  together  by  hand  or  by  some  automatic  device, 
otherwise  the  length  of  the  gap  would  increase  imtil  its  resistance 
exceeded  the  power  of  the  generating  apparatus  to  maintain  a 
current  through  it. 

Physics  of   the  Arc.  —  Under    commercial    conditions    direct 
_  current  open  arcs  usually  consume  about   10  amperes  at  45  volts 
f  or   450    watts.      Thus   nearly   one-half    k.  w.    of  energy   is    con- 
centrated in  heating  up  the  small  extent  of  the  crater  and  arc,  re- 
sulting in  the  production  of  the  very  high  temi>erature  of  3500'^  C. 
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taken  to  be  the  boiling-point  of  carbon.  That  carboa  is  vola- 
tilized in  the  arc  is  undoubtedly  a  fact.  The  surface  of  the  crater 
has  the  appearance  of  boiling;  the  hissing  noise  occurring  with 
excessive  current  density  is  similar  to  that  produced  by  violent 
boihng  of  water,  and  may  result  from  the  same  cause,  though 
carbon,  like  arsenic,  vaporizes  directly  from  the  solid  state.  Car- 
bon consumption  goes  on  in  a  vacuum,  although  at  a  slower  rate 
than  in  air,  and  the  vapor  thus  formed  condenses  on  the  sides  of 
the  mclosing  chamber.  These  facts  all  go  to  show  that  carbon  is 
actually  evaporated.  Such  being  the  case,  the  temperature  of  the 
surface  of  the  carbon  would  naturally  remain  stationary  at  this 
boiling-point,  like  the  tem]>erature  of  boiling  water  at  atmospheric 
pressure,  whatever  the  heat  applied.  The  temperature  of  the 
negative  carbon,  except  at  its  extreme  point,  is  considerably  lower 
than  that  of  the  positive.  The  difference  is  due  to  the  fact  that 
the  larger  part  of  the  energy  is  transformed  into  heat  at  or  near 
the  surface  of  the  positive  carbon.  This  is  evident  from  the  rela- 
tive  appearance  of  the  two  electrodes  and  is  demonstrated  exjx^ri- 
mentally  by  measuring  the  distribution  of  potential  between  the 
carbons.  The  most  reliable  observations  shf)w  that  about  40  volts 
drop  occurs  between  the  positive  and  the  arc  stream,  with  only 
2|  volts  in  the  stream  and  2|  volts  between  the  stream  and  the 
negative  carbon. 

The  temperature  of  the  space  between  the  carbons  may  be 
much  higher  than  that  of  the  surface  in  the  same  way  that  steam 
can  be  superheated  above  the  point  at  which  it  is  evaporated,  there 
being,  in  fact,  no  limit  to  the  possible  rise  in  temperature.  Since 
the  current  is  conducted  by  the  highly  heated  vapor  present,  it  is 
to  be  expected  that  such  a  conductor  will  be  heated  by  the  passage 
of  a  current  the  same  as  a  solid  or  a  liquid. 

Theory.— It  is  evident  that  the  amount  of  carbon  vaporized 
at  the  positive  crater  forming  the  arc  stream  will  vary  with  the 
current,  therefore  the  resistance  of  the  arc,  which  varies  inversely 
with  its  cross-section,  varies  inversely  with  the  current.  In  this 
respect  the  arc  is  totally  unlike  solid  or  liquid  conductors,  whose 
resistance  is  independent  of  the  current,  other  conditions  remain- 
ing the  same.  Hence  Ohm's  law  in  its  general  form  is  inapplica> 
ble  to  the  arc  stream. 

The  fact  that  the  phenomena  at  the  arc  are  more  or  less  rever. 
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sible,  since  the  vaporized  carbon  can  again  be  converted  into  the 
solid  state  by  condensation,  ix)ints  to  the  existence  of  a  countft- 
eUctro-motive  force i  and  since  the  temperature  of  the  vaporization 
is  constant,  or  nearly  so,  the  counter  electro-motive  force  should 
also  be  constant,  which  appears  to  be  the  case.  Physicists  have 
long  sought  to  isolate  and  determine  this  experimentally,  and  it 
would  seem  that  such  a  definite  physical  problem  could  easily  be 
solved  ;  but  there  are  peculiar  difficulties,  which  up  to  the  present 
time  have  rendered  all  methtxls  and  results  questionable.  There 
are  great  difficulties  connected  with  retaining  the  arc,  whose  car- 
bons are  constantly  changing,  at  a  constant  condition,  and  a  long 
time  is  required  to  permit  the  arc  to  assume  a  stationary  state. 
Further,  the  depth  of  the  crater^  and  consequently  the  true  length 
of  the  arc,  is  very  hard  to  measure  at  any  given  moment.  Again, 
the  resistance  varies  with  the  length  of  the  arc  and  in  some 
inverse  ratio  with  the  current.  Add  to  this  the  difficulty  of 
securing  pure  carbons  whose  density^  electrical  conductivity^  and 
heat  conductivity  are  uniform  throughout,  and  the  utter  impossi- 
bility of  retaining  the  counter-elect ro-motive  force  after  the  cur- 
rent which  induces  it  has  ceased  to  flow,  and  the  difficulties  be- 
come more  api^arcnt.  By  indirect  methods  an  ajiproximate  \'alue 
of  35  to  Vd\  volts  has  been  arrived  at  for  arcs  of  10  amperes  and 
45  volts  and  pure  carbons.  The  indications  point  to  a  counter- 
electro-motive  force  at  the  arc,  variable  with  the  current  and  other 
conditions.  In  fact»  it  is  very  likely  that  it  consists  of  a  combina- 
tion of  two  or  perhaps  more  separate  electromotive  forces  ;  one 
due  to  the  volatilization  of  the  carbon,  another  due  to  the  thermo- 
electric effect  at  the  positive  carbon,  and  perhaps  still  another 
thermo-electric  potential  at  the  negative  carbon. 

Voltage  dependent  on  Boiling  Point,  —  From  what  has  already 
been  said,  it  seems  probable  that  whatever  tends  to  raise  the  boil- 
ing point  of  carbon  will  likewise  raise  the  voltage  required  to 
maintain  an  arc,  a  conclusion  confirmed  by  experiment.     Increase 

f  of  atmospheric  pressure,  other  conditions  being  constant,  increases 
the  arc  voltage.  Similarly  we  should  be  able  to  reduce  the  voltage 
by  lowering  the  vaporizing  point  of  the  crater,  an  effect  which  is 
found  to  result  when  more  volatile  substances,  such  as  the  salts  of 
the  earth  metals,  are  introduced,  usually  in  the  ft^rm  of  a  core. 

K         Resistance.  —  The  resistance  of  an  arc,  hke  that  of  any  other 
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conductor,  increases  with  its  actual  leng^th^  and  diminishes  wiih  its 
cross-section.  The  length  of  an  arc  usually  given  is  the  apiuicht 
length  ;  that  is,  the  distance  from  the  edge  k^I  the  crater  to  the  lip 
of  the  negative.  The  true  length  is,  of  course,  the  distance  from 
the  bottom  of  the  crater  to  the  tip  of  the  negative.  A  case  may 
easily  be  imagined  where,  owing  to  the  varjing  depth  of  the  crater, 
the  apparent  length  might  be  diminished  yet  the  actual  length 
increased.  Failure  to  distinguish  between  these  two  is  apt  to 
result  in  misleading  conclusions.  The  cross-section  of  the  arc 
varies  at  different  jK>ints  between  the  carbons,  since  it  has  a  ten- 
dency to  spread  out  from  electric  repulsion,  which  causes  its 
section  to  be  greatest  about  midway  between  the  carbon  points. 
The  arc  stream  tends  to  spread  out  farther  as  the  carbons  are 
drawn  apart.  The  area  of  the  crater,  which  is,  of  course,  one  end 
of  the  arc  stream,  has  been  found  by  Ayrton  to  vary  approxi- 
mately according  to  this  law :  D  =  .128  X  .15  A  ;  where  D  is  the 
diameter  tn  inches,  and  A  is  the  current  expressed  in  amperes. 

The  resistance  of  the  10-ampere  arc  is  ^^^  to  \  an  ohm  for 
arc  lengths  from  about  -^^  to  an  ^  of  an  inch  in  length.  Houston 
and  Kennelly  give  5  ohms  per  inch  as  a  rough  general  value. 

Carbons*  —  There  are  two  classes  of  carbmis  used  in  arc  light- 
ing, solid  and  cored.  They  may  be  of  any  diameter.  For  the 
sizes  usually  employed  the  average  resistance  is  0.15  ohms  per 
foot.  I 

Solid  carbons  vary  according  to  their  purity,  molecular  struc- 
ture, and  hardness.  Cored  carbons  are  s<>lid  except  for  a  hole 
running  axially  through  the  carbon,  filled  with  some  material  more 
soft  and  volatile  than  the  remaining  carbon  —  being  usually  a  mix-j 
ture  of  carbon  and  some  metallic  salt. 

Object  of  Core.  The  object  of  this  core  is  first  to  decrease^ 
the  voltage  for  a  given  length  of  arc,  as  already  explained,  or  to  | 
increase  the  length  for  a  given  voltage.  This  has  the  initial  effect 
of  reducing  any  irregidarity  in  carbons  or  the  feeding  mechanism  to 
a  less  percentage  of  the  whole  length.  Further,  the  core,  by  afford- 
ing a  plentiful  supply  of  vapor,  tends  to  maintain  a  stable  condi- 
tion of  the  arc.  It  also  keeps  the  arc  loirated  in  one  spot,  and 
prevents  the  tendency  to  travel  irrei^ularly  around  the  carbon  due  to 
the  arc  seeking  the  i>ath  of  least  resistance.  When  this  traveling 
occurs  it  gives  rise  to  an  objectionable  flicker,  owing  to  the  shadow 
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of  the  carbons  being  shifted  in  different  directions,  and  to  the  vari- 
ations of  energy  which  occur  faster  than  the  mechanism  can  follow. 
A  core  may  be  employed  also  to  mt)dify  the  color  of  the  light,  as 
for  instance  to  produce  a  yellowish  tinge  due  to  the  well-known 
sodium  flame.  With  these  facts  in  mind,  we  can  explain  many 
phenomena  found  in  arcs  as  used  in  practice. 

•  Carbon  Consumption.  —  With  similar  carbons  placed  vertically 
one  over  the  t>ther,  the  relative  consumption  will  depend  on  the 
omount  carried  off  by  :  — 

I        Volatilization  and  electrolytic  action. 
Oxidation  of  the  air. 
Mechanical  disintegration  by  air  currents. 
When   carbons  of  different   diameters  are  used,  their  life  in- 
^n'eases  roughly  in  proportiun  to  their  sectional  area,  barring  the 
oxidation  of  the  air.     The  latter  is  frequently  reduced,  and  the 
conductivity  of  the  carbon  increased,  by  plating  about  nine-tenths 
of  their  cylindrical  surface  with  a  thin  layer  of  copper,  leaving  the 
tip  uncoated  ;  but  the  primary  object  of  the  plating  is  to  reduce 
the  contact  resistance  ui  the  carbon. 
■        Volts  and  Amperes. —  The  volts  and  amperes  required  depend 
greatly  upon  circvmistanccs;  but  for  the  open  arcs  usually  empli)yed, 
_  the  amperes  range  from  six  to  ten,  and  the  volts  from  forty-two 
H  to  fifty-two :  a  common  value  would  be  47  volts  and  9.6  amperes. 
H  In  search-light  projectors   much    heavier  currents  are  frequently 
employed,  from  50  to  150  or  200  amperes,  with  voltages  from   48 
to  53.     With  these  heavy  currents,  the  carbons  become  hotter, 

iand  are  oxidized  farther  back  from  the  ends,  resulting  in  longer 
points. 
Physical  Phenomena*  —  The  p<isitive  carbon  wa.stes  away  elec- 
trol>l:ically  inside  of  the  crater,  and  by  the  action  of  the  air  outside 
of  the  crater,  causing  it  to  waste  away  about  twice  as  rapidly  as 
the  negative  in  the  open  arc.  The  negative  carbon  is  consumed  by 
o.xidation  of  the  air  alone,  according  as  its  temperature  is  increased 
by  the  carbon  particles  deposited  on  it,  and  by  the  heat  reverber- 
ated from  the  positive  crater.  The  closer  the  i>ositive  approaches 
the  negative,  the  greater  will  be  its  roasting  effect  on  the  latter. 
With  very  short  arcs,  the  deposit  of  graphitic  carbon  upon  the 
negative  accumulates  faster  than  it  wastes  away,  so  that  it  forms  a 
nib   or  second   point   on    the  tr*p  of  the   negative  which   finally 
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crumbles  away.     This  action  may  or  may  not  be  accompanied  by 
a  hissing  noise. 

Carbon  turns  to  Graphite,  Carbon  that  has  been  exposed  to 
the  heat  of  the  arc  turns  to  graphite.  The  hard  pencils  of  solid 
carbon  used  for  high-tension  lamps  will  not  mark  paper  before  ■ 
being  used  After  having  been  burned  a  few  minutes  the  tip  of 
the  negative  will  write  black  hke  a  pencil,  and  even  the  point 
of  the  positive  will  show  some  graphite. 

Electrical  Relations.  —  With  both  solid  and  cored  carbons  a 
point  may  be  reached  when  the  voltage  will  be  constant  if  the 
arc  length  and  current  are  kept  the  same.  This  is  called  the 
stationary    state.     In    Fig.    259   the   relation   of   the   voltage  to 
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flq,  2S9.     Voftaf  and  Current  with  Cored  Carbme. 


current    is    plotted  for    several  apparent   arc  lengths   with    both 
carbons  cored.     It  will  be  noted  that   with  short  arcs,  less  than 
^  inch    long,  the  voltage  rises  as  the  current  increases,  due  to 
the  increased  CR  drop.     With  arcs  longer  than  ^V  i"<^^.  on  the 
other  hand,  the  voltage  falls  with  increasing  current,  due  to  the 
expansion  of  the  long  arc,  whose  larger  cross-section  more  than 
compensates  for  the  drop  caused  by  increasing  current.     'ITiis,  at 
one  time,  gave  rise  to  a  theory  that  the  arc  had  a  negative  resist-  fl 
ancc,  an  entirely  unwarranted  conclusion.     For  arcs  of  ^z  inch,  the 
spreading  action  of  the  stream  exactly  counterbalances  the  increase    _ 
current ;  so  that  for  this  arc  length  the  voltage  remains  constant    ^ 
within  wide  fluctuations  of  current.     In  arcs  shorter  than  ^  inch 
the  stream  has  no  room  to  spread  laterally.     Another  reason  for 


i 


the  lower  voltage  with  increased  current  shown  by  the  curves  of 
longer  arcs  is  that  the  current  increases  while  the  cuuling  surface 
does  not,  so  that  less  energy,  and  consequently  less  voltage,  are 
required  to  maintain  the  arc  at  the  same  temperature. 

Effect  of  Cored  Carbons.     The  same   relations  are   shown   in 
Figs.  260  and  261,  except  that  the  results  are  for  a  cored  and 
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Fig.  260.     Voitage  aini  Camnt  with  Solid  and  Cored  Carbons. 
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solid,  and  for  two  solid  carbons  respectively.     The  former  show  1 
conditions  approaching  those  found  when  osin*;  both  carbons  cored. 
But  beyond  a  certain  current  strength  all  the  arcs  pass  through  a 
condition  of  unstable  equihbrium,   and    no   length   can   be   found 
where  the  voltage  will  remain  constant  for  all   currents,  plainly 
demonstrating    one    of   the    advantages    of   using   cored   carbons. 
When  both  carbons  are  solid  no  length  of  arc  gives  even  approxi- 
mately  constant  voltage   with    varying    current    and  a  quiet  arc. 
The  constant  voltage  beyond  the  unstable  condition  is  for  hissing 
arcs.   With  cored  carbons  the  voltage  is  from  3  to  0  volts  less  than 
with  solid  carbons,  owing  to  the  greater  volatility  of  the  electrode. 
^^H           Resistaace  of  the  Arc.  —  If  the   current  is  kept  constant  the 
resistance  of  any  arc  increases  with  its  lenj^fk.     W^ith  solid  carbons 
the  ratio  is  a  linear  one  as  shown  by  Fig.  262,  and  nearly  so  for 
cored  carbons  as  given  in  Fig,  263. 
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As  explained  before,  if  the  current  is  variable,  the  resistance  of 
the  arc  stream  proper  varies  inversely  with  the  current.     There- 
fore, the  apparent  resistance  of  the  arc,  which   is  the  quotient  of 
the  volts  and  amperes,  niay  be  expressed  by  the  formula, 

where  x  is  some  quantity  varying  inversely  with  the  current  and  a 
is  a  constant.     Multiplying  buth  sides  by  the  current  /  we  have 

JR  =  ^'and  x/is  composed  of  a  term  rarying  inversely  with  the 

current  and  one  directly  proportional  to  it,  so  that  we  may  sub-        ^^| 
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stitute  a  constant  m  for  it.  We  may  also  substitute  a  value  n 
for  the  product  a!^  so  that  the  voltage  E  at  the  arc  is 

£  =  m  -{-  fiL 

The  most  probable  values  of  these  quantities  for  good  solid  carbons 
seem  to  be  those  obtained  by  Duncan  and  Rowland  for  good  pare 
carbons,  namely,  m  —  40. G  and  «  =  40,  where  /  is  the  length  of 
the  arc  expressed  in  inches. 

Watts  at  Arc If   the   current  is   kept    constant    the   watts 

increase  in  a  linear  ratio  with  increase  of  arc  length  as  shown  by 
Fig.  2t)4.  If  the  arc  length  is  constant  and  the  current  increases, 
the  watts  will  vary  in  a  similar  manner,  as  shown  by  Fig.  265. 

Hissing  Arc*  —  When  an  arc  is  shortened,  or  its  current  in- 
creased until  it  hisses,  the  voltage  drops  10  to  20  volts,  and  stays 
constant  even  when  the  current  varies  greatly  (Figs.  260  and  261), 
for  which  no  satisfactory  explanation  has  been  afforded. 

Photometry  of  the  Arc.  — The  chief  source  of  light  in  the  arc 
is  the  intensely  heated  crater,  which  gives  about  85  per  cent  of  the 
total  light.  The  arc  proper,  or  flame  between  the  electrodes,  is  almost 
non-luminous,  giving  only  about  5  per  cent,  while  the  tip  of  the 
negative  carbon  gives  about  10  per  cent.  Owing  to  the  form  and 
arrangement  of  the  carbons,  as  shown  in  Fig.  258,  most  of  the 
light  is  thrown  down  when  the  positive  carbon  is  above,  as  it  usually 
is.  The  exact  distribution  varies  with  the  current,  carbons,  and 
other  conditions ;  but  the  general  distribution  of  light  from  a  con- 
tinuous current  arc  is  shown  in  Fig.  266.  The  lengths  of  lines 
drawn  from  the  arc  to  points  on  this  curve  represent  the  relatiw 
candle-power  at  different  angles.  It  is  evident  from  this  diagram 
that  it  is  possible  to  obtain  various  values  for  the  candle-power  of 
the  arc  according  to  how  the  measurement  is  made.  As  a  matter 
of  fact,  candle-power  is  actually  measured  in  four  different  ways : 

Caodle-Powers,  —  1.  The  mean  horizontal  candle-p<»wer,  usu- 
ally the  smallest  of  the  four,  being  the  average  in  all  directions  in 
a  horizontal  plane. 

2.  The  mean  hemispherical  candle-power,  usually  greater  than 
the  last,  which  is  the  average  obtained  by  making  measurements  in 
all  directions  and  angles  below  the  horizontal,  showing  the  average 
value  of  the  illumination  thrown  downwards. 

3.  The  mean  spherical  candle-power,  determined  in  a  similar 
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Fig.  204.    Pow«r  consumefi  for  Different  ire  Lengths. 
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4.  The  maximum  candk'-puwtT  found  by  making  observations 
in  all  directions  to  ascertain  the  ^Tcatcst  candle-power.  This  is 
usually  found  at  an  angle  of  40  degrees  below  the  horizontal. 


The  term  "nominal  candle-power''  is  often  employed  in  com- 
ercial  work,  meaning  a  value  arbitrarily  agreed  upon  to  corre- 
spond to  a  certain  consumption  of  energy  at  the  arc.  Thuii  an  arc 
consuming  450  watts  is  assumed  to  have  2,U00  nominal  candle- 
pfiwer,  and  one  of  300  watts  to  have  1,200  candle-power  ;  allhuugh 
these  figures  greatly  exceed  the  true  spherical  candle-power,  they 
may  come  somewhere  near  the  maximum  under  favorable  condi- 
tions. As  a  matter  of  fact,  the  relation  between  watts  and  candle- 
power  is  quite  variable,  as  shown  later. 

lk      Of  the  various  candle-powers  the  mean  spherical  candle-power 
Ms  the  most  absolute  and  important,  but  unfortunately  is  the  most 
difficult  to  determine.     The  mean  hemispherical  candle-power  may 
properly  considered  where  illumination  is  required  in  one  direc- 
iion  only,  as  in  street-lighting,  where  the  light  is  thrown  outward 
nd  downward.     The  mean  horizontal  candle-power  is  of  no  special 
iportance»  the  light  given  off  in  a  horizontal  plane  being  of  no 
aore  value  than  that  emitted  in  any  other  direction ;  but  it  is  quite 
'easily  measured,  and  often  approximates  closely  to  the  mean  sjihcr- 
.ical.     This  is,  however,  not  always  the  ca.se,  and  cannot  be  gene- 
lly    relied    upon.     The    formula    due    to    Gerard   is  sometimes 
employed  to  find  the  mean  hemispherical  can<lle-povver  by  simply 
leasuring  the  hririzontal  and  maximum  candle-power,  the  expres- 
sion being : 

Mean  hemispherical  candle-power  =  \  mean  horizontal  -f  \  max- 
imum.    This  gives  only  approximate  results,  but  can  be  used  to 
(save  the  trouble  of  making  a  large  number  of  photometric  deter- 
minations. 
Relation  of  Light  to  Current.  —  Investigating  the  factors  influ- 
encing the  amount  of  light  given  off  by  the  arc,  Violle  found  that 
the  quantity  emitted  by  a  unit  surface  of  the  crater  was  the  same, 
Iwhether  the  arc  current  be  10  or   1,000  amperes.     This  was  tn 
have  been  expected,  since  the  crater  cannot  be  heated  beyond   its 
point  of  V(ilatilizati(jn  and  still  remain  in  the  s<jlid  state.     The  light 
lis  therefore  roughly  proportional  to  the  area  of  the  crater.     The 
fcpherical  candle-power  is    also  approximately  proportional   to  the 
■total  number  of  watts  utilized  in  the  arc,  but  is  of  course  affected 
by  anything  that  varies  the  efficiency. 

Efficiency.  —  By  the  eflFiciency  of  the  arc  is  meant  the  ratio  of 
the  luminous  flux  to  the  total  heat  and  light  radiation.     Anything 


that  tends  to  dissipate  the  energy  at  any  place  other 

crater  of  the  positive  carbon  diminishes  the  efficiency.  fl 

The  arc  is  the  most  efficient  source  of  illumination  known. 
The  most  generally  accepted  value  for  its  efficiency  is  13  per  cent 
The  corresponding  figures  for  the  other  sources  of  light,  are  for  the 
candle  H  per  cent,  the  gas-flame  1  per  cent,  the  Welsbach  light 
2^  per  cent,  and  the  magnesium  light  12  per  cent. 

The  efficiency  of  the  incandescent  electric  light  is  about  5 
per  cent.  These  values  are  comparative  but  probably  too  high. 
Among  the  causes  that  modify  the  efficiency  of  the  arc  are  these: 

1.  The  structure,   density,  and    composition  of    the   carbons. 
These  affect  both  the  volatilization  point,  and  hence  the  tempera- 
ture, as  well  as  the  thermal  conductivity  upon  which  depends  the  ■ 
amount  of  heat   conducted  away  by  the  carbons,  which  is  lost 
energy.     Purity,  softness,  and  evenness  are  desirable. 

2.  The  cross-section  of  the  carbons.  Large  carbons  conduct 
and  radiate  more  heat  than  smalt  ones  for  equal  currents,  hence  for 
a  given  current  the  efficiency  diminishes  about  inversely  as  the 
diameter  of  the  carbon  increases. 

3.  The  existence  of  a  soft  core  reduces  the  temperature  of  the 
crater,  and  tends  to  lower  the  efficiency. 

Current  and  Voltage,  —  The  division  of  the  watts  at  the  arc 
into  current  and  voltage  is  extremely  important,  depending  on 
various  factors  not  yet  understood.  Carhart  found  that  with  4oO 
watts  at  the  arc,  made  up  of  10  amperes  and  45  volts,  he  got  a 
maximum  candle-power  of  450 ;  while  with  the  same  number  of 
watts  in  8.4  amperes  and  54  volts  he  obtained  900  maximum  candle- 
power,  just  twice  as  much.  Blondel,  however,  finds  the  luminous 
flux  greatest  usually  below  45  volts.  The  discrepancies  are  prob- 
ably due  to  differences  in  size  and  quality  of  carbons,  because  there 
is  naturally  a  certain  current  density  for  each  carbon,  which  gives 
the  best  resuhs. 

Commercial  Values  of  Voltage  and  Current.  —  The  value  of 
45  to  47  volts  at  the  arc,  reached  after  years  of  commercial  expe- 
rience, is  probably  the  best.  At  this  point  the  efficiency  is  high, 
and  the  conditions  are  about  half-way  between  hissing  and  the 
flaming  points.  At  this  voltage,  too^  as  the  curv^es  show,  the 
voltage  at  the  arc  is  only  slightly  affected  by  fluctuations  in  the 
current  strength.      Ordinary  current  values  range  from  6.5  to  10 
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peres  for  long  arcs  in  air.     Greater  voltage  is  inadvisable,  as 
reduces  the  number  of  arcs  that  can  be  placed  in  one  series,  in- 
cases carbon  consumption,  tends  to  produce  flaming,  and  intro- 
uces  too  much  energ}'  in  a  single-light  unit. 

Less  current  than  6.5  amperes  gives  too  little  light  for  a  unit, 
ised  under  conditions  suitable  for  a  series  circuit.  On  constant 
potential  systems  small  open  arcs  of  low  current  have  been  at- 
tempted, but  without  much  success.  The  low  current  arc  has  a 
large  cooling  surface  for  the  energy  used.  If  for  some  of  the  rea- 
sons given  later  in  detail,  the  current  in  the  arc  falls,  the  propor- 
tion of  the  cooling  surface  to  the  energy  is  greatly  increased,  in 
fact  to  such  an  extent  lliat  the  arc  flickers  violently  or  is  put  out 
»y  the  chilling  effect.  Where  arcs  are  inclosed  in  heat-retaining 
huibSt  the  current  may  be  greatly  reduced  before  this  effect  takes 
place. 

P  Composition  of  Light.  —  The  composition  of  the  light  of  the 
arc  has  been  determined  by  Meyer  to  be  as  follows,  where  the 
intensity  of  the  yellow  light  is  expressed  by  unity.  Red  and 
orange  2.09,  yellow  l.QO,  green  0.99,  blue  0.87,  indigo  1.03,  and 
violet  1.21.  Taking  the  intensity  of  red  as  100,  Abney  gives  for 
direct  sunlight;  Red  100,  green  193,  violet  228;  while  for  arc 
I  light  his  figures  are :  Red  1 00,  green  203,  and  violet  250.  For 
f gas-light  he  found  the  values  to  be  :  Red  109,  green  95,  and 
violet  27. 

The  composition  of  the  light  of  the  arc  may  be,  however, 
freatly  changed  by  the  hardness  of  the  carbon,  the  material  of  the 
pore,  and  by  the  current  and  voltage.  Hardness  usually  deter- 
ttiiines  the  maximum  temperature  of  the  crater,  while  the  current 
|ind  voltage  alter  the  proportions  of  the  light  fluxes  coming  from 
Jie  yellow  crater  and  from  the  violet  arc  stream.  The  vapor  of 
^e  core  acts  to  color  the  light  as  well  as  to  determine  the  volatil- 
ization point  of  the  crater. 

The  color  of  the  arc  light  approaches  very  nearly  to  sunlight, 
and  it  has  the  remarkable  quality  of  prtniucing  a  similar  sunburn. 
Great  caution  is  necessary  on  this  account  in  avoiding  exposure  of 
the  eyes  to  the  arc  at  close  range,  otherwise  a  painful  sunburn  of 
Ihe  eye,  producing  a  tedious  inflammation,  is  apt  to  result  This 
can  be  avoided  only  by  protecting  the  eyes  on  ail  sides  with  leather 
joggles  fitted  with  smoked  glasses. 
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Short  Arcs.  —  In  the  earlier  days  of  arc  lighting,  so-called  j 
"  short '*  arcs  were  employed,  taking  IS  or  20  amperes  at  about 
25  volts  with  an  apparent  arc  length  of  b*,,  to  g^j  of  an  inch.  The 
object  of  such  a  short  arc  was  to  increase  the  number  of  arcs  that 
could  be  operated  in  series  by  a  given  voltage.  Owing  to  the  large 
current,  the  carbon  consumption  was  high  and  the  line  drop  ex- 
cessive, so  that  these  causes,  combined  with  the  fr)'ing  sound  and 
delicacy  of  regulation  required,  have  brought  about  their  abandon- 
ment. The  long  arc  now  employed  in  open  arc  lamps  has 
roughly  half  the  current  and  double  the  voltage.  TTie  carbon 
carried  off  the  positive  by  electrolytic  action  is  of  course  only  half 
as  great  ;  but  the  longer  arc  affords  more  opportunity  for  the  air 
to  oxidize  the  carbon^  so  that  the  carbon  life  in  the  long  arc  is  not 
proportionately  increased, 

Unstable  Arcs.  —  Between  the  condition  of  a  short  arc  and  a 
long  arc  there  lies  a  zone  of  instability  for  which  the  probable 
analogy  is  the  concussive  boiling  of  water  on  the  dividing  line 
between  the  stage  of  rapid  evaporation  and  quiet  ebullition.  After 
the  long  arc  is  reached,  it  is  necessary,  in  order  to  maintain  a 
fixed  voltage  at  the  arc,  to  increase  the  distance  between  the 
electrodes  an  the  current  increases.  The  difference  in  the  relativeJ 
life  of  the  carbons  in  the  long  arc  and  in  the  short  arc  is  quite  ' 
marked.  In  the  short  arc  the  positive  wastes  away  rapidly  owing 
to  the  heavy  current,  while  the  deposition  of  carbon  on  the  nega- 
tive is  almost  sufficient  to  prevent  waste  ;  besides  which  the  air 
currents  have  not  sufficient  room  to  form  in  the  short  arc 

Blowing  Out  of  the  Arc.  —  A  ]x;culiar  feature  of  all  arcs  is  their 
liability  to  be  blown  by  a  strong  gust  of  air  unless  fed  by  a  con- 
stant current  machine  which  cannot  fail  to  maintain  the  current. 
A  magnet  will  also  blow  out  an  arc  if  the  pole  is  brought 
sufficiently  close.  This  magnetic  action,  as  previously  statt 
causes  the  bow  shape  characteristic  of  the  arc,  and  in  the  case 
an  alternating  current  causes  the  arc  stream  to  rapidly  bend  fror 
side  to  side  across  the  earth's  line  of  force.  The  blowing-ou 
tendency  of  the  magnet  is  frequently  employed  to  direct  the  arc 
upon  metals  for  the  purpose  of  melting  or  heating  them,  as  well  as 
in  various  magnetic  blowout  devices,  in  which  the  blowing-out 
effect  mpidly  extinguishes  an  arc  formed  between  two  contacts 
liable  to  be  melted  by  the  continued  action  of  the  current 
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Arc  on  Constant  Potential  Circuits.  —  When  arcs  can  be  run  in 
series  on  circuits  furnished  by  constant  current  machines  they  have 
the  great  advantage  of  having  the  current  maintained  as  long  as 
the  arc  is  not  cut  out  of  the  circuit,  so  that  irregularities  in  the 
arc  or  mechanism  produce  only  a  variation  in  the  intensity  of  the 
light,  but  the  illumination,  good  or  bad,  is  always  maintained, 

It  is,  however,  often  desirable  to  run  arc  lamps  on  constant 
potential  mains  at  the  usual  110  or  220  volts  pressure,  where  the 
current  is  no  longer  constant  unless  a  device  is  introduced  to  make 
it  so.  Every  constant  potential  arc  lamp  has  a  mechanism  of  this 
kind  contained  in  the  case  whose  function  is  to  separate  the 
carbons  when  the  current  is  too  high,  and  bring  them  together 
when  it  is  too  low.  If  well  made  and  adjusted,  such  a  regulator 
may  respond  to  current  variations  of  five  per  cent  either  side  of 
the  value  at  which  it  is  set,  which  might  be  expected  to  maintain 
■a  practically  constant  current.  Such,  however,  is  not  the  case. 
■An  arc  whose  carbons  are  fed  by  a  mechanism  of  this  kind,  if 
^connected  directly  to  a  constant  potential  main,  will  behave  in  the 
most  erratic  manner,  even  if  it  be  started  by  hand  regulation,  and 
allowed  to  warm  up  before  the  test.  The  mechanism  adjusted  to 
respond  to  five  per  cent  current  variation  now  utterly  fails  to  keep 
the  current  anywhere  nearly  constant,  and  the  arc  is  very  unsteady. 
This  is  true  even  if  the  voltage  of  the  mains  corresponds  to  the 
voltage  desired  at  the  arc. 

■  The  reason  for  it  lies  in  the  fact,  shown  by  previous  curves,  that 
fthe  resistance  of  an  arc  decreases  as  the  ciurent  increases,  which 

results  in  a  tendency  for  the  current  to  become  almost  infinite  if 
constant  potential  is  maintained  across  its  terminals.  Similarly,  if 
the  current  begins  to  decrease,  and  so  lessen  the  cross-section  of 
the  arc,  the  resistance  rises  and  further  chokes  off  the  current, 
until  the  arc  goes  out.  The  arc  when  directly  connected  to  con- 
stant potential  mains  is  therefore  in  a  state  of  unstable  equilibrium, 
in  which  the  cuirent  tends  to  drop  to  zero  or  surge  toward  infin- 
kity.  This  action,  depending  as  it  does  only  on  the  instantaneous 
■Cross-section    of    carbon    vapor   at    any  moment,  is    itself  instan- 

■  taneous.  The  mere  inertia  of  a  mechanism  retards  it  so  much  that 
the  arc  is  out  before  the  regulator  has  perceptibly  moved.  The 
means  used  to  counteract  the  instability  of  the  arc  must  operate 

^as  fast  as  the  current  change  can  take  place.     Such  an  auxiliary 


^as  1 
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regulator,    although    an    inefficient   one,    is    made   by  the  simple 
expedient  of  inserting  a  series  resistance  between   cither  side 
the  arc  and  the  mains. 

The  mechanism  keeps  the  average  current  constant  by  increasing 
or  (kcreasing  the  length  of  tlie  arc.  The  resistance  overcomes  th 
tendency  toward  rapid  fluctuation  by  automatically  and  instan- 
taneously raising  or  lowering  the  voltage  across  the  arc  gaps  as-^ 
required.  As  an  illustration,  assume  an  arc  to  be  connected' 
to  constant  potential  mains  of  40  volts,  and  the  regulating 
magnet  to  be  wound  to  pass  10  amperes  with  a  normal  length 
of  arc.  If  for  some  reason  the  current  suddenly  drops  to 
8  amperes  the  resistance  of  the  arc  rises,  though  its  length  may 
not  have  changed,  and  it  requires  more  than  40  volts  to  bring  thei 
current  back  to  10  amperes  and  maintain  it,  therefore  the  arc  g<ies 
out.  If  now  we  connect  the  same  lamp  in  series  with  a  one-t»hra 
resistance  to  a  50-volt  circuit,  the  current  again  lU  amperes,  the 
lamp  will  have  40  volts  at  the  terminals  as  before.  Now  let  the 
current  fall  to  8  amperes.  The  drop  through  the  resistance  is 
only  8  volts,  and  we  have  60  —  8  =  42  volts  at  the  arc,  which  is 
sufficient  to  force  more  than  8  amfieres  thrrmgh  it,  and  so  restore, 
the  current  to  the  normal  10-ampere  value.  The  resistance  in 
series  is  sufficient  when  the  rise  of  vultage  at  the  arc,  caused  by 
less  drop  in  the  resistance,  suffices  to  force  the  original  current 
through  it,  in  spite  of  its  diminished  cross-section.  If  too  little 
resistance  is  used,  a  given  decrease  of  current  will  not  produce 
sufficient  rise  of  voltage  at  the  arc  to  maintain  it,  and  it  goes  out 
If  too  much  resistance  is  employed,  the  rise  of  voltage  at  the  arc' 
is  excessive  for  changes  of  current  too  small  to  move  the  mecha- 
nism, ant!  the  lamp  tends  to  allow  the  current  to  surge  beyond  its 
proper  limits.  This  regulating  or  stead)ing  action  of  resistance 
is  of  course  instantaneous,  as  it  depends  on  electrical  change* 
and  not  on  inertia  or  mechanical  motion.  To  a  certain  extent  sdf- 
induction  may  have  a  similar  tendency  to  raise  the  voltage  at  the 
point  of  rupture  or  increase  of  resistance  in  an  electric  circuit. 

Nti  Resistafice  in  Series  ivith  Series  Lamps,  On  series-  oi 
high-tension  circuits  resistance  is  not  required,  because  the  current 
is  maintained,  whatever  the  changes  in  the  arc,  by  the  inherent 
regulation  of  the  dynamo.  It  is  impossible,  therefore,  for  the  cur 
reiit  U)  fail  while  the  m;\chme;  is  in  operation. 
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Constant  Potential  Lamps^  Tivo  in  Scries.  The  usual  voltag^e 
of  constant  potciitbl  circuits  being-  double  that  required  fur  one 
open  arc  lamp  with  its  resistance,  being  110  volts  or  thereabouts, 
open  arcs  on  these  circuits  are  commonly  connected  two  in  series. 
If  only  one  lamp  is  used,  and  the  remaining  excess  of  60  or  70 
volts  taken  up  by  resistance,  the  reg:ulating  action  of  the  latter 
tends  to  make  the  light  vary  up  and  down  slowly,  as  explained 

t above.  On  circuits  with  a  higher  voltage  than  110,  more  lamps 
are  run  in  series,  as  for  instance,  10  lamps  in  a  string  across  a  500- 
volt  circuit.  From  what  has  been  siiid,  it  will  be  evident  that  both 
current  and  voltage  vary  somewhat  in  the  arc  on  constant  poten- 
tial or  incandescent  circuits,  while  voliage  aloi^e  varies  on  a  good 
series  circuit.  A  carbon  that  will  tend  to  protluce  a  steady  light, 
such  as  a  cored  carbon,  is,  therefore,  advis;ible  for  constant  poten- 
tial lamps.  Again,  these  lamps  are  cnmmonly  used  for  interior 
illumination,  so  that  a  better  grade  of  carbon  and  one  thai  i>ri> 
duces  a  softer  yellnwish  light  is  desirable. 
I  Troubles  in  the  Arc  Proper. — The  chief  troubles  found  in 
I  direct  current  arcs  not  caused  by  the  mechanism  are  these  :  — 

■  F"laming,  from  too  long  an  arc,  or  impure  carbons,  or  half-baked 
carbons  containing  unexpelled  gases.  The  flame  usually  runs  up 
the  side  of  the  positive,  accompanied  by  a  drf>p  in  resistance  and 
loss  of  light. 

Hissing,  due  to  too  short  an  arc  or  too  vigf>rous  vaporization  or 
too  coarse-grained  carbons.  This  is  attended  with  lo.ss  of  light, 
low  resistance,  and  an  objectionable  hissing  noise. 

Sputtering,  from  impurities  in  the  carb  n,  or  loose-grained 
carbons. 

■  Whistling,  occasioned,  as  in  a  Chicago  installation,  by  electro- 
static induction  between  the  underground  conductors  and  their 
metal  sheaths.  These  current  vibrations  reproduce  themselves 
in  variations  in  the  volume  of  the  arc  stream,  producing  a 
shrill  noi.se. 

^  Traveling  of  the  arc  around  the  carbons  producing  unequal 
illumination  and  flicker.  This  arises  from  the  tendency  of  the 
i|{^  to  continually  seek  the  jxith  of  least  resistance,  which  wan- 
dering increases  with  the  area  of  the  carbon  over  which  the  arc 
may  travel,  in  other  words,  the  area  of  the  end.  This  may  l)e 
remedied  by  the  use  of  smaller  carbons  or  of  cored  carbons,  in 
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which  latter  case  the  soft  core  vaporizes  first,  and  the  arc  is  con- 
fined to  the  inner  surface  of  the  crater  thus  produced.  fl 

Bucking  of  arcs  connected  in  scries,  ow^ng  to  the  mechanism  of 
all  the  lamps  endeavoring  to  correct  a  change  of  current  due  to 
the  improper  working  of  one  particular  lamp.  This  is  frequently 
very  marked  on  incandescent  circuits,  where  only  two  lamps  are 
in  series.  If  one  sticks,  it  frequently  consumes  all  of  the  ene^g}^ 
leaving  the  other  nearly  dark.  To  overcome  this,  both  proper 
design  of  the  mechanism  and  proper  adjustment  are  required.  ■ 

Alternating  Arcs.  —  When  arcs  are  fed  by  alternating  current 
the  arc  is  no  lunger  a  continuous  flame,  but   is  lighted  and  ex- 
tinguished at  every  reversal  of  the  current.     When  these  follow 
one  another  faster  than  100  per  second,  corresponding  to  a  fre- 
quency of  50  periods,  the  flicker  is   not  apparent  to  most  eyes,  ^ 
Owing  to  the  reversal  of  the  current  each  oirbon  acts  as  a  positive™ 
at  every   other  alternation.     There  is,  therefore,  no  crater,  both 
carbons  remaining  pointed,  but  the  upper  one  wastes  away  8  or 
10  per  cent  faster  than  the  negative,  due  to  receiving  the  ascend- — 
ing  heat,  | 

Volia^e  and  Current.  Under  commercial  conditions,  using 
cored  carbons,  open  alternating  arcs  consume  about  15  amperes  at 
30  to  35  volts.  This  would  seem  to  be  unaccountably  less  than 
that  required  for  a  continuous  current  arc  using  the  same  carbons ; 
but  it  must  be  borne  in  mind  that  an  effective  alternating  voltage 
of  35  has  a  maximum  potential  of  about  50  at  the  top  of  the  wave. 

Function  of  Core  and  Object  of  Heavy  Current,  When  the 
carlyonsare  separated,  it  would  appear  that  the  first  extinguishment 
of  the  arc  as  the  current  passed  through  zero  would  put  out  the 
light  ;  but  a  continuous  path  is  provided  for  the  current  by  the  _ 
bridge  of  incandescent  carbon  vapor  that  persists  until  the  voltage^ 
acquires  a  substantial  value  in  an  opposite  direction.  To  obtain 
this  effect  the  current  used  in  alternating  arcs  must  be  larger  than 
in  continuous  current  arcs,  and  the  carbons  are  always  cored,  to 
insure  a  sufficient  supply  of  carbon  vapor.  ■ 

Potver  Factor,  If  the  current  and  E.M.F.  are  in  phase  the 
power  at  the  arc  in  watts  is  the  product  of  the  volts  and  amperes. 
Stcinmetz,  however,  has  shown  that  since  the  apparent  resistance 
varies  with  the  current  there  must  be  a  kg  of  current  behind  the 
electromotive  force.     Experiments  show  that   the  true  power  in 
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the  open  alternating  arc   is  about   85  per  cent  of   the  apparent 
watts. 

Wave  Foryn.  The  efficiency  of  the  alternating  arc  increases 
slightly  with  the  number  of  alternations,  and  is  considerably 
affected  by  the  form  of  current  wave,  which  is  largely  determined 
by  the  shape  of  the  wave  of  E.M.F. ;  a  flat-top  wave  producing  a 
higher  efficiency  than  a  peaked  one.  This  is  because  the  flat-top 
wave  creates  less  interruption  in  the  flow  of  current  than  the  sharp 
pointed  wave,  the  latter  allowing  the  carbon  a  considerable  interval 
between  maximum  values  in  which  to  cool  off. 

Hum.  A  peculiarity  of  the  alternating  arc  is  its  hum,  corre- 
sponding in  pitch  to  the  alternations.  It  arises  from  the  expan- 
sions and  contractions  of  the  arc  stream  with  the  current,  pro- 
ducing corresponding  vibrations  of  the  adjacent  air.  This  has 
nothing  to  do  with  the  hissing  sound  that  may  occur  from  very 
short  arcs  as  with  the  continuous  current.  When  the  alternating 
arc  hisses,  the  voltage  falls,  but  less  abruptly  than  with  the  con- 
tinuous arc,  while  the  current  lag  is  in- 
creased until  the  true  watts  are  only  75 
per  cent  of  the  apparent  watts.  The 
light  emission  of  the  alternating  arc  at 
any  instant  lags  a  little  behind  the  curve 
of  instantaneous  value  of  the  real  watts. 
It  never  passes  through  zero,  owing  to 
the  retention  of  heat  by  the  carbons. 

Efficicticy.  With  the  same  energy 
and  carbons  the  mean  spherical  candle- 
power  of  the  alternating  open  arc  is  about 
one-half  that  of  the  continuous  current 
open  arc. 

Distribution.  The  distribution  of 
light  is  nearly  equal  above  and  below 
the  horizontal,  as  shown  by  Fig.  267. 
Therefore  the  light  going  upward,  which 
is  nearly  one-half,  would  be  wasted  were 
it  not  for  the  white  reflector  usually  employed  immediately  above 
the  arc  to  throw  the  light  down. 

Focussing  Mechanism.  The  more  equal  consumption  of  upper 
and  lower  carbons  in  alternating  lamps  necessitates  a  mechanism 
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that  will  feed  both  carbons  in  order  to  retain  the  arc  in  the  same 
place.     See  Fig.  208.     Such  lamps  are  usually  connected  to  the 

secondary    of    a    trans- 
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former  through  an  indue- 1 
tivc  resistance,  known  as  j 
an  auto-transfof^mir  or  j 
economy  coil  (see  Fig. 
269),  or  ihey  may  be  I 
connected  directly  to  aj 
transformer  wound  to| 
deliver  a  constant  cur- 
rent (p.  171).  The  pos- 
sibility of  substituting  an  I 
economy  coil  in  which 
little  energy  is  l<ist  fur 
the  wasteful  resistance  used  on  constant  potential  direct  current 
systems,  compensates  in  a  large  measure  for  the  low  efficiency  affl 
the  alternating  arc. 

Inclosed  Arcs.  ^  The  ra]>id  consumption  pf  the  carbons  in  the 
open  arc  led  many  experimenters  l<.t  attempt  to  devise  methods 
for  reducing  it.  The  earlier  workers  devoted  themselves  to  mak- 
ing a  compromise  between  the  arc  and  the  glow  lamp,  the  general 
features  of  which  were  a  minute  arc  formed  at  the  point  of  imi^er- 
fect  contact  Ix^tween  two  carbons.  These  incandescent  arcs  werofl 
never  successful  for  reasons  now  well  understood. 

About  1882,  and  in  the  years  following,  attempts  were  made 
to  inclose  the  arc  of  the  constant  current  lamps  in    air-tight  globes 
of  various  sizes,  but  without  success.      In  1894  commercial  lamps 
w^ere  .successfully  used,  in  which  the  arc  was  inclosed  in  a  smal^H 
globe  or  bulb  <jf  refractory  glass  pn>tected  by  a  larger  outer  one.9 
It  was  found  that  the  previous  attempts  lo  ajjply  the  enclosure  to 
existing  high-tension  lamps  with   high  current   and  low  arc  voltage^ 
was  a  step  in  the  wrong  direction,  but  that  the  inclo.sed  arc  \^'af■^ 
well  suited  to  low  current  and  high  voltage  arcs,  which  would  be 
desirable  on  constant  potential  systems. 

Imur  Ghhc,  The  inclosing  bulb  is  an  egg-shaped  globe  about 
.'>!  inches  long  and  2]  inches  in  diameter,  tightly  scaled  bclow»  and 
partially  closed  above.  When  an  arc  is  sprung  between  the  car- 
dons  /nclosed  in  this  mani\CT,  at  fitsl  tV\e  same  conditions  exist  as  in 
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I  open  arcs.     The  oxygen  in  the  bulb  is,  however,  rapidly  consumed 

[by  combination  with  the  carbon,  and  in  six  to  ten  minutes  the  bulb 

I  is  filled  with  highly  heated  CO  and  CO^  These  gases  would  soon 
be  replaced  by  air  were  it  not  for  the  arrangement  of  the  cover  of 
the   bulb,   which   is  usually  ground  to  fit   at   the  edges,   with  an 

[opening  in  the  center  slightly  larger  than  the  carbon.  This  narrow 
annular  opening,  especially  when  corrugated  internally,  affords,  by 
creating  eddy  currents  of  gases,  great  frictional  resistance  to  the 
passage  of  the  air,  so  that   very  little  enters.     The  conversion  of 

[the  air  of  the  bulb  into  inert  CO  and  CO,  soon  shortens  the  first 
long  arc  with  80  volts  across  to  about  ^^  of  an  inch.  The  com- 
bustion of  the  carbons  by  the  oxygen  of  the  air  is  now  greatly  re- 
duced, so  that  the  positive  burns  flat -ended,  its  loss  being  chiefly 

I  electrolytic.  The  positive  is  apt  to  have  a  slight  tendency  to 
become  concave,  while  the  negative  tends  to  become  convex,  but 
both  remaining  approximately  flat  endec!.     Were  it  not  for  the  air 

[that  seeps  into  the  bulb  the  negative  would  not  be  destroyed  at  all, 
because  not  only  is  it  not  consumed,  but  it  receives  a  deposit  of 
carbon  from  the  positive.  It  is  found  advisable,  however,  to  admit 
just  enough  air  to  combine  with  the  carbon  vapor  set  free  and  burn 
it,  to  prevent  it  depositing  as  a  black  condensation  on  the  bulb,  or 
as  a  fragile  nib  on  the  negative.  If  pointed  carbons  are  used  in  a 
bulb,  they  will  become  flattened  after  burning  a  short  time. 
P  VoltSi  Ampt-ns  and  Watts.  The  usual  energy  at  the  arc  m 
direct  current  inclosed  arcs  is  about  400  watts  (5  amperes  at  80 
volts).  It  is  found  that  when  less  than  78  volts  is  used  the  car- 
bon does  not  traverse  a  long  enough  arc  to  have  its  combustion 
completed,  and  with  50  to  60  volts,  a  deposit  of  this  unconsumed 
carbon  tends  to  form  on  the  bulb,  catting  off  the  light.  When 
more  than  80  volts  is  used,  the  carbon  consumption  is  too  high, 
lithe  violet  light  from  the  arc  becomes  too  prominent,  and  the  arc 
has  not  sufficient  resistance  interposed  in  circuit  with  the  usual 
110  volts  to  keep  it  steady.  The  voltage  between  the  electrodes 
being  therefore  fixed  at  80,  ,5  amperes  give  the  energy  usually 
Itaken  in  lamps  on  these  circuits.  The  inclosed  arc  has  properties 
similar  to  the  arc  in  air,  the  difference  of  potential  increasing  with 
the  distance  apart  of  the  electrodes. 

Hissing  occurs  for  the  same  reason,  but  flaming  is  less,  and  the 
ne  of  flame  is  absent  because  there  is  no  oxygen  to  support  it. 
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Efficiency,  The  efficiency  of  the  inclosed  arc  is  not  as  high  as 
that  of  the  open  arc  owing  to  the  fact  that  more  energy  is  expended 
in  the  arc  stream  and  less  in  the  crater,  and  that  the  flat-ended 
carbons  rapidly  conduct  away  the  heat,  and  that  some  10  per  cent 
of  the  light  is  lost  in  penetrating  the  bulb.  The  retention  of  the 
heat  by  the  bulb,  however,  adds  to  the  efficiency,  so  that  the  net 
difference  in  efficiency  is  probably  not  great. 

She  of  Bulb,  Evidently  a  large  bulb  will  be  less  efficient  than 
a  small  one,  and  will  also  tend  to  produce  a  carbon  deposit  by 
chilling  the  vapor  on  its  cooler  surface.  The  size  of  the  bulb 
affects  the  interval  of  unsteadiness  which  ensues  when  a  lamp  is 
started.  The  bulb  being  filled  with  air^  which  has  diffused  in  since 
the  lamp  was  last  extinguished,  the  carbons  are  practically  burning 
in  the  open  air  until  the  oxygen  in  the  bulb  is  consumed.  They 
therefore  draw  a  long  arc.  After  some  time,  depending  on  the 
amount  of  oxygen  in  the  bulb,  and  on  the  tightness  of  the  in- 
closure,  the  arc  becomes  unsteady  ;  apparently  because  it  is  im- 
mersed alternately  in  atmospheres  of  carbonic  oxides  and  oxygen, 
which  greatly  affects  the  arc's  resistance.  At  such  times  the  arc 
may  be  so  unsteady  as  cut  itself  out.  With  small  bulbs  the  change 
from  the  open  arc  to  the  closed  arc  conditions  usually  occurs  in 
from  three  to  five  minutes,  after  which  the  light  is  steady.  Gen- 
erally speaking,  the  larger  the  bulb  the  longer  the  time  before  the 
arc  passes  through  the  period  of  unsteadiness. 

Carbons.  —  The  carbons  employed  in  inclosed  arcs  must  be 
straight  and  smooth,  otherwise  they  will  not  pass  freely  through 
the  opening  in  the  gas  cap.  This  precludes  the  use  of  molded 
carbons,  which  have  an  irregular  seam  running  the  whole  length, 
and  requires  forced  carbons,  the  difference  being  considered  more 
fully  in  the  beginning  of  the  next  chapter.  The  carbons  must  con- 
tain the  minimum  amount  of  impurity,  as  it  is  all  deposited  on  the 
inside  of  the  bulb,  hence  cored  carbons  are  not  suitable.  Uniform- 
ity in  diameter  is  essential. 

The  consumption  of  carbon  in  an  inclosed  arc  is  different  in  ■ 
various  positions  in  the  bulb,  chiefly  owing  to  being  more  or  less 
exposed  to  air  currents.      The  greatest  consumption   is  usually 
found  to  exist  near  the  bottom  of  a  bulb,  and  the  smallest  soroe^ 
where  in  the  upper  portion. 

T/u  ratio  of  the  consumption  of  the  upper  to  that  of  the  lower 
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varies  curiously  in  different  portions  of  the  bulb  and  in  different 
lamps,  usually  between  15  to  1  and  2  to  1.  If  the  in  closure  were 
perfectly  air-tight,  the  negative  would  hardly 'be  consumed  at  all, 
or  might  even  grow  larger,  whereas  the  positive  would  be  con- 
sumed elect rolytically  nearly  as  fast  as  usual  The  ratio  might 
easily  be  100  to  1  or  1,000  to  1  in  such  a  case.  Where,  however, 
the  air  has  free  access  to  the  arc,  the  consumption  by  the  air  may 
be  as  large  as  by  the  current,  and  we  should  then  have  a  ratio  of 
about  2  to  1  for  positive  and  negative  carbons  respectively. 

Rupturing  the  Arc.  Inclosed  arcs  have  a  peculiar  tendency 
to  "cut  out,"  or  break  the  arc,  which  is  not  found  in  open  arcs. 
This  is  apt  to  occur  when  a  gust  of  fresh  air  enters  the  bulb  and 
strikes  the  arc,  cooling  it  and  instantly  changing  its  resistance. 
The  arc  has  a  tendency  to  travel  around  the  large  flat  ends  of 
the  carbons,  which  prrxhices  the  effect  of  a  flicker,  owing  to  the 
shifting  shadow  of  the  negative.  This  is  less  noticeable  in  open 
arcs  whose  pointed  carbons  center  the  arc.  Inclosed  arcs  will 
also  operate  with  much  higher  voltage  than  80  across  the  arc, 
provided  that  approximately  the  same  percentage  of  drop  is  re- 
tained in  series  with  it.  Thus  150-volt  arcs  on  220-volt  circuit 
taking  2J  amperes  are  often  used,  but  give  a  more  violet  light. 

Series  Inclosed  Arcs.  —  Considerable  difficulty  was  first  expe- 
rienced in  applying  inclosed  arcs  to  scries  high-tension  circuits. 
On  such  circuits  the  current  is  often  already  fixed  by  the  winding 
of  the  existing  dynamos,  the  majority  of  which  are  wound  for  6.8 
or  9.6  amperes.  If  inclosed  arcs,  taking  not  less  than  70  volts, 
were  substituted  for  open  arcs,  taking  47  volts,  the  central  station 
would  have  the  number  of  lights  on  the  circuits  greatly  reduced 
without  a  corresponding  increase  in  revenue.  Another  objection 
is  the  heavy  current,  which  has  a  tendency  to  overheat  and  soften 
small  bulbs.  Still  another  disadvantage  is  the  length  of  time 
required  to  effect  the  short  circuiting  of  the  lamp  by  an  automatic 
cut  out  when  the  carbons  fail  to  feed  or  are  consumed.  With 
open  arcs,  the  carbons  bum  so  rapidly  that  the  cut-out  coil  shunted 
across  the  arc  acts  in  a  few  minutes,  owing  to  the  rise  of  the 
voltage  across  the  arc.  If  the  same  construction  were  used,  it 
would  require  about  twenty  times  as  long  to  effect  the  same 
action  in  the  slow  burning  inclosed  arc,  so  that  the  high -resistance 
cut-out  coil,  which  is  made  of  very  fine  wire,  is  liable  to  be  damaged 
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by  the  prolonged  passage  of  the  current  through  it.  But  these  ob- 
jections have  now  been  overcome.  The  demand  for  inclosed  arcs  on 
series  circuits  was  not  at  first  so  keen  as  at  present,  owing  to  the 
cheap  carbons  used  and  the  rough  quality  of  the  hght  allowable  for 
exterior  iliuniinatiun,  in  which  efficiency  is  highly  desirable  and 
absence  of  glare  not  so  much  of  a  consideration. 

Advantages  of  Constant  Potential  Inclosed  Arcs*  —  The  rapid 
introduction  (jf  inclosed  arcs  on  inuinde^^cent  circuits  in  the  last 
few  years  is  due  to  the  many  advantages  which  they  possess  com- 
pared with  open  arcs  on  the  same  circuits.  I-'irst,  perhaps,  is  the 
saving  effected  in  carbons,  which  last  from  100  to  150  hours  per 
pair  on  the  average,  with  profx^r  adjustment.  Ordijiary  open  arc 
carbons  last  about  8  to  10  hours.  In  fact,  inclosed  arc  lamps  are 
usually  designed  so  that  the  remnant  of  the  positive  carlxm  may 
be  used  as  a  negative  on  the  next  run,  if  cut  to  the  proper  length. 
Longer  life  than  100  to  120  hours  is  probably  not  desirable  in 
inclosed  arcs,  because  it  is  obtained  at  the  expense  of  an  exces- 
sive deposit  on  the  sides  of  the  bulb,  and  a  sacrifice  of  efficiency 
and  steadiness  from  carbons  of  increased  diameter. 

The  long  life  of  the  carbons  saves  not  tmly  the  value  of  the 
carbons  themselves,  but  the  greater  labor-expense  of  retrimming. 
The  nuisance  of  the  daily  visits  of  a  lamp-trimmer,  required  for 
open  arcs,  especially  in  places  where  dust  or  a  ladder  is  objection- 
able, has  had  a  great  deal  to  do  with  the  favor  with  which  the 
inclosed  arc  has  been  received. 

The  ability  to  light  or  extinguish  one  lamp  at  a  time  is  impor 
tant ;  because  it  effects  an  economy  over  the  system  of  open  arcsiv 
in  which  two  in  scries  are  always  throwi  on  or  off  together. 

Quaiity  of  iJ^ht.  Absence  of  s{xirks  is  another  feature  secured 
by  the  inclosing  bulb.  The  mechanism  also  admits  of  the  utmost 
simplicity  in  its  construction.  The  colnr  of  the  inclosed  arc,  with 
proper  combinations  of  globes,  approaches  very  closely  to  daylight, 
since  it  is  possible  to  cut  ovit  the  undesirable  parts  of  the  s|K"ctnim 
b\  the  use  of  glass  of  the  correct  shade.  With  clear  bulb  and 
globe  the  light  is  a  violet  tinge,  which  is  not  as  pleasant  as  the 
modified  color.  The  opalescent  inner  bulb  usually  employed  acts 
also  to  diffuse  the  light,  so  that  no  vinlently  luminous  spot  exists, 
but  the  light  comes  from  the  large  surface  nf  the  bulb.  The  effect 
of  this  is  to  prevent  sharp  shadows,  and  to  allow  the  pupil  of  the 
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to  open  wider  without  the  sensation  of  glare  ;  thus  increasing 
the  apparent  illumination. 

Distribution.  The  distribution  of  the  light  in  a  vertical  plane 
has  been  investigated  by  Messrs.  Freedman^  Burroughs,  and  Rapa- 
port,  whose  results  are  quoted  herewith.  They  found  that  the 
distribution  in  an  inclosed  arc  lamp  is  not  tlic  same  as  in  an  open 
arc  lamp.     See  Fig.  270.     The 
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Fig.  270.    Light  Olutrlbution.  Dtrtct  Current 
Inclosed  Arc, 


maximum  in  the  former  is  at  an 
angle  of  25  degrees  below  the 
horizontal,  instead  of  40  degrees. 
The  intensity,  after  decreasing, 
reaches  another  high  value  at  40 
degrees,  but  not  as  great  as  at 
25  degrees.  The  probable  expla- 
nation of  this  peculiar  form  of 
curve  is,  that  at  25  degrees  the 
light    comes  obliquely  from  the 

crater,  but  is  nut  cut  off  by  the  negative.  Descending,  the  nega- 
tive cuts  off  more  light  ;  but  the  rays  emanate  more  perpendic- 
ularly from  the  surface  of  the  crater  until  another  maximum  is 
reached  at  40  degrees.  The  reflection  from  the  bulb,  and  the 
position  of  the  arc  in  it,  would  also  alter  this  distribution. 

Efficiency.  Tables  XI.  and  XI  I.  (Frcedman)  show  the  effect  of 
a  clear  and  an  opalescent  inner  globe,  the  same  being  shown  graph- 
ically in  Fig.  271.  The  same  investigators  measured  the  loss 
by  opalescent  outer  globes,  which  they  foimd  varied  from  35  to  50 
per  cent,  and  which  occasionally  is  as  great  as  tiO  per  cent.  They 
conclude  that  with  currents  of  5  amperes  and  wdth  two  clear  glass 
globes  of  the  best  quality  the  watts  per  candle  arc  about  .5,  with 
opalescent  inner  and  clear  outer,  the  watts  per  candle  are  about 
.6,  and  with  both  inner  and  outer  opalescent  globes  the  watts 
per  candle  are  about  .05,  being  mean  hemispherical  candle-p<>vver 
in  all  cases.  Holophane  glolx^s,  whose  construction  is  explained 
on  page  334,  gave  the  same  loss  of  li.b,dit  as  clear  globes. 

Whether  the  run  is  continuous  or  intcrmitfcfit  will  make  a 
difference  in  the   life,  although  only  slight.     Theoretically  the  life 

I  should  be  less  for  the  intermittent  test  that  when  the  lamp  is 
kept  burning  without  any  stops,  and  this  is  found  to  be  the  case. 
The  stoppage  allows  fresh  air  to  get  into  the  bulb  each  time,  thus 
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admission  of  any  more  fresh  air.  Taking  4  hours  as  an  average 
Irun,  a  lamp  burning  140  hours  would  have  35  stops,  equivalent  in 
consumption  to  5  hours  run,  and  on  this  basis  woilld  consume 
carbon  as  if  it  had  burned  continuously  for  145  hours.  An  air- 
itight  outer  globe  will  increase  the  life ;  but  it  has  a  tendency  to 
■raise  the  temperature  of  the  interior  sufficient  to  warp  or  interfere 
"with  the  action  of  some  of  the  parts,  although  it  will  not  do  so  with 
proper  construction. 

Alternating  inclosed  arcs  have  also  reached  a  high  state  of 
perfection.  In  principle  they  are  similar  to  the  inclosed  arcs  for 
direct  current.  The  essential  difference  is  in  the  use  of  one  or 
both  cored  carbons,  with  consequently  lower  voltage  and  greater 
•current. 

With  sohd  carbons  the  long  arc  has  a  tendency  to  be  extin- 
guished, and  the  vapor  supply  of  a  core  is  required  to  maintain 
;the  conducting  medium  between  the  electrodes.  Owing  to  the 
inclosure,  which  gives  a  stability  and  freedom  from  interference 
of  air  currents,  it  is  sufficient  to  use  one  cored  carbon,  and  it  is 
of  course  indifferent  whether  this  be  the  upper  or  the  lower.  It 
is  not  advisable  to  use  two  cored  carbons,  for  reasons  explained  in 
connection  with  continuous  current  arcs,  namely,  the  efficiency 
is  more  or  less  sacrificed,  and  the  deposit  in  the  bulb  is  increased. 

The  length  of  arc  is  greater  than  in  the  direct  current  lamp, 
'being  about  |  of  an  inch.  At  the  start  the  arc  may  be  as  long  as 
\  to  l"  before  the  air  in  the  bulb  is  consumed,  or  the  resistance  up 
to  its  maximum  value.  When  hot,  the  usual  current  is  6  amperes, 
with  a  voltage  at  the  arc  of  70  to  75  volts.  With  70  volts  and  fi 
amperes  in  a  104  volt  circuit,  the  apparent  watts  at  the  lamp  termi- 
nals are  625  and  at  the  arc  420,  the  actual  watts  being  445  and 
890  respectively.  The  watts  consumed  in  the  inductive  resist- 
ance average  35  to  45.  This  resistance  usually  consists  of  a 
coU  in  series  with  the  arc  wound  on  a  laminated  iron  core,  and 
mounted  in  the  trimming  of  the  lamp.  By  connecting  the 
terminals  to  different  portions  of  this  coil,  the  reactance  may  be 
greatly  varied,  so  that  the  lamp  is  capable  of  a  wide  range  of 
adjustment  for  various  circuits.  As  a  rule  the  reactive  coil  can 
be  adjusted  to  maintain  75  volts  at  the  arc  for  circuiis  varying  in 
voltage  from  100  to  125,  and  in  frequency  from  GO  to  133  cycles 
per  second. 
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A  striking  advantage  of  the  inclosed  alternating  arc  is  its  free- 
dom from  the  hum  that  characterizes  open  alternating  arcs.  This 
is  due  to  twu  causes.  In  the  first  place,  the  mere  inclosure  in  a 
fairly  well-sealed  bulb  reduces  the  noise,  but  the  action  of  the  bulb 
in  keeping  the  gases  hot  is  the  more  potent  factor.  It  will  be 
recalled  that  in  the  case  of  the  open  alternating  arc  the  hum  was 
produced  by  the  rapid  expansions  and  contractions  of  the  arc 
stream  following  the  waves  of  current.  When,  however,  the  arc  is 
surrounded  by  a  heat-retaining  envelope  of  glass,  the  gases  at  the 
arc  do  not  contract  as  violently  with  its  instantaneous  extinguish- 
ment, hence  the  amplitude  of  the  vibrations,  and  the  consequent 
humj  are  much  reduced. 

Another  source  of  noise  in  alternating  lamps  was  the  vibration 
of  the  laminated  iron  of  which  all  magnetic  parts  are  constructed 
The  thin  sheets  alternately  repelling  each  other,  and  losing  the 
repulsive  force,  are  sent  into  violent  vibration,  which  readily  com- 
municates itself  to  the  whole  lamp,  with  an  effect  like  that  of  a 
souiiding-b(.>ard. 

Since  by  the  modern  method  of  inclosure  the  noise  of  the  arc 
itself  has  been  nearly  eliminated,  corresponding  efforts  have  been 
made  to  reduce  the  hum  of  the  iron.  By  clamping  the  core  of  the 
reactance  coil  and  magnet  cores  at  a  great  many  points,  the  iron 
is  held  too  firmly  to  vibrate.  The  iron  parts  are  then  supported 
entirely  on  springs  ami  rubber,  both  in  light  compression,  so  that 
the  vibrations  are  not  communicated  to  the  lamp  frame.  Tight 
inclosure  of  the  whdie  lamp  completes  the  deadening  effect,  so 
that  modern  alternating  arcs  are  made  nearly  noiseless. 

The  life  of  the  alternating  arc  as  usually  constructed  is  much 
less  than  that  of  its  continuous  current  congenitor.  Owing  to  the 
complication  in  the  mechanism  caused  by  feeding  both  car' 
simultaneously,  and  the  difficulty  of  feeding  through  both  ends 
bulK  the  alternating  inclosed  lump  is  usually  constructed  so  as 
feed  only  the  upper  one.  But  in  an  alternating  lamp  both  carbons 
are  equally  consumed,  and  it  becomes  necessary  either  to  make  the 
lower  carbon  excessively  long  or  to  shorten  the  life.  The  latter 
is  considered  preferable,  and  the  average  life  is  about  80  hours 
with  ordinary  inclosure.  I'Vir  this  an  upper  carbon  of  9^  x  li 
and  a  lower  one  of  0  x  i  inches  are  usually  employed. 
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Carbons.  —  Mannfacture.  The  performance  of  the  arc  light 
is  so  largely  dependent  on  the  quality  of  the  carbons  employed 
that  some  knowledge  of  their  method  of  manufacture  is  of  great 
assistance.  Many  of  the  discrepancies  that  have  been  found  in 
laboratory  experiments  and  commercial  work  are  due  to  the  fact 
that  different   kinds  of  carbons  were  employed. 

Carbons  are  of  two  kinds,  according  lo  their  mode  of  manu- 
facture, molded  or  forced.  The  molded  carbon,  as  its  name 
implies,  is  shaped  in  a  steel  mold.  The  forced  carbon  is  squeezed 
while  plastic  through  a  circular  orifice.  The  preliminary  stages  of 
treatment  being  similar,  a  single  description  will  suffice  for  both. 

Various  materials  have  been  employed  ;  but  tlie  most  promi- 
nent is  petroleum  coke,  which  is  a  product  obtained  in  the  distilla- 
tion of  paraffin.  Other  materials,  such  as  gas-coke,  lamp-black, 
are  also  utdized  for  this  purpose.  The  material  is  first  crushed, 
then  placed  in  rctoils  heated  to  a  high  temjierature  for  10  to  50 
j'  hours  according  to  the  result  desired»  thereby  driving  out  moisture, 
and  im|xirting  the  cpiality  of  conductivity.  The  carlxin  is  next 
ground  to  a  fine  flour  in  mills,  and  then  bolted.  The  carbon  flour 
thus  produced  is  put  in  mixing  kettles  or  pans  combined  with  the 
•*  binding  material  "  consisting  of  pitch  which  has  previously  been 
crushed  These  pans  are  kept  warm,  and  the  entire  mixture  is 
constantly  stirred  by  h(x.'s  or  other  means  for  a  period  of  fifteen 
minutes  to  an  hour.  The  heat  causes  the  particles  of  pitch  to 
attach  themselves  to  the  particles  of  carbon.  The  mixture  is 
then  cooledt  and  again  crushed*  ground,  and  bolted,  so  that  a  flour 
of  uniform   grain  is  produced. 

Molded  Carbons.  From  this  point  the  treatment  of  the 
materia]  depends  upon  whether  molded  or  foreed  carbons  are  to 
be  produced.      If   the    former,  the    material    is    brought    to   raer 
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working  at  benches,  and  provided  with  stcci  molds.  These  are 
split  in  halves,  btiing  grooved  according  to  the  length  and  diameter 
of  the  carbon  cylinders  to  be  made.  The  molder  weighs  the  flour 
in  a  scale,  distributes  it  evenly  over  the  surface  of  the  mold,  and 
places  the  steel  cap  upon  it.  The  mold  is  then  slowly  heated  infl 
an  oven,  which  causes  the  particles  of  combined  pitch  and  carbon 
to  become  pasty.  When  tlie  proper  degree  of  heat  is  reached, 
the  mold  is  taken  from  the  oven,  and  placed  under  a  hydraulic 
press,  the  pressure  employed  varying  between  100  and  400  tons. 
From  the  press  the  molds  are  taken  back  to  the  benches,  the 
cover  and  sides  removed,  and  the  "card"  of  carbons  carefully 
lifted  out.  When  they  become  cool  they  are  separated  from  each 
other  ;  and  the  little  "  frns  "  that  have  held  them  to  their  neigh- 
burs  are  scraped  off  each  side,  so  that  each  carbon  is  left  a  fairly 
perfect  cylinder.  For  lamps  fed  by  a  constant  direct  current,  car- 
bons arc  usually  made  by  the  molded  process,  to  which  they  seem 
best  adapted. 

Forced  Carbons.  — Arc  lamps  for  constant  potential  or  alter- 
nating currents  require  a  carbon  whose  particles  are  arranged  dif- 
ferently from  those  in  the  molded  process,  and  also  in  many 
instances  a  core  of  less  dense  material  to  insure  steadiness  of 
light.  The  flour  for  carbons  to  be  made  by  this  process  is  treated 
somewhat  differently  from  that  of  the  molded  variety.  It  is 
usually  shaped  into  cylindrical  "plugs"  about  6  inches  in  length, 
and  from  2  to  6  inches  in  diameter.  These  are  placed  in  front  of 
the  plunger  of  a  hydraulic  press  whose  action  is  horiisontal.  and 
are  forced  thnjugh  its  jaws,  taking  any  desired  cross-section  frora^ 
the  outline  of  the  die  at  the  mouth.  As  fast  as  the  carbons 
issue  from  the  die,  they  are  received  upon  a  table,  and  cut  to 
desired  length.  In  order  to  make  them  '* cored,"  a  hole  aboutfl 
\  of  an  inch  in  diameter  is  left  in  the  center  of  the  carbon  as  it 
passes  through  the  die,  by  the  action  of  a  "tongue,"  projecting 
into  the  orifice  of  the  die  from  the  inside.  There  are  various 
combinations  for  the  mixture  that  is  used  to  fill  the  core,  and  the 
secret  of  its  composition  is  usually  guarded  by  manufacturers.^ 
This  point  in  either  prcccss  is  called  the  ''green  carbon"  stage,  i 
They  appear  shiny  black  in  color,  are  quite  heavy,  break  easily,] 
and  when  held  in  the  fingers,  and  tapped  together,  g^ve  only  aj 
dull  sound.     Both  molded  and  forced  carbons  are  next  taken  to  I 
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the  fumace-room  where  the  volatile  matter  contained  in  them  is 
driven  off.  This  is  a  process  requiring  great  care.  If  they  are 
baked  too  rapidly,  they  warp,  and  are  hard  to  adjust  in  the 
lamps.  If  they  are  not  baked  sufficiently,  they  are  too  low  in 
conductivity,  and  give  a  very  poor  light.  In  some  cases  the 
baking  is  performed  in  fire-clay  pots,  this  being  the  process 
employed  by  many  foreign  manufacturers.  In  this  country  it  is 
customary  to  lay  the  carbons  in  a  large  rectangular  furnace,  layer 
upon  layer,  separated  by  beds  of  sand,  the  entire  mass  protected 
by  a  covering  of  sand  several  inches  in  thickness,  and  subjected 
to  heat  until  every  carbon  has  reached  a  high  temperature.  The 
total  time  occupied  is  very  considerable,  being  often  one  or  two 
weeks  from  the  time  the  charging  begins  until  the  process  is 
completed.  From  the  furnace  the  carbons  are  carried  to  the 
sorting-tables,  where  they  are  tested  by  rolling  them  on  steel 
plates  of  true  surface  in  order  to  separate  the  straight  from  the 
crooked  ones.  Some  of  the  latter  are  sold  as  seconds,  others 
are  cut  into  short  lengths,  and  the  worst  ones  are  rejected. 
Even  in  the  best  imported  forced  carbons  there  are  often  found 
from  2  to  5  per  cent  of  badly  warped  carbons. 

Molded  carbons  differ  from  forced  carbons  in  many  ways. 
They  have  a  loose  granular  structure  that  runs  lengthwise  through 
the  carbon,  at  right  angles  to  the  line  of  pressure.  They  also  have 
the  remnant  of  the  web  that  holds  a  card  of  carbons  together ;  and 
even  if  this  is  ground  off,  the  surface  is  not  perfectly  cyUndrical 
Impurities  are  more  likely  to  be  found  in  molded  than  in  forced 
carbons,  and  they  are  not  as  uniform  as  the  forced  article.  They 
are  used  in  series  constant  current  lighting  chiefly,  where  cheapness 
is  the  greatest  consideration. 

Copper  plating  these  carbons  is  often  resorted  to,  with  the 
objects  of  increasing  their  conductivity,  especially  at  the  point  of 
contact  with  the  clamp^  and  prolonging  their  life.  The  copper 
sheathing  protects  the  carbon  near  the  arc  from  oxidizing  so 
rapidly,  and  a  12"  X  |"  coppered  carlx>n  in  a  10-ampere  lamp  will 
bum  about  14  hours,  whereas  the  plain  carbon  of  the  same  make 
wiU  not  last  more  than  12  hours. 

The  forced  carbon  is  usually  a  higher  grade  of  carbon  than  the 
molded,  especially  those  imported  from  Germany  and  Austria. 
The  texture  is  finer,  and  the  material  softer,  than  in  the  molded 
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form,  while  the  grain  runs  transversely  or  at  right  angles  to  the 
line  of  pressure.  Owing  to  the  method  of  manufacture  such 
carbons  arc  more  easily  made  to  a  given  diameter,  and  are  more 
uniform  in  diameter,  structure,  and  straightness  than  the  moldc<l 
carbon.  They  have  a  comparatively  high  conductivity  and  are  not 
copper  plated.  They  are  used  for  cored  carbons  particularly. 
The  high  grade  and  pure  forced  carbon  more  nearly  resembles 
lampblack,  and  will  make  a  mark  on  paper  like  a  pencil,  whereas 
the  hard  forced  carbons  will  not.  Where  carbons  are  held  by  a 
small  clamp  far  from  the  active  end,  and  must  fit  closely  but  freely 
into  an  uiiening  little  larger  than  the  carbon  itself,  too  much  stress 
cannot  be  laid  on  the  necessity  of  securing  straightness  and 
uniformity.  All  carbons  contain  impurities,  chiefly  silica,  iron,  and 
smaller  quantities  of  other  substances.  In  the  highest  grade  of 
im[3orted  carbons  the  silica  is  the  chief  impurity,  with  little  else, 
but  chemically  pure  carbons  have  not  been  produced  by  any 
manufacturer. 

Carbons  may  be  cut  to  any  desired  length  by  nicking  them  all 
around  and  breaking  them  as  one  wovild  a  glass  tube.  In 
inckjsed  arcs  and  in  alternating  arcs  both  carbons  are  the  same 
size,  whereas  in  focussing  high-tension  lamps  and  in  open  arc  low- 
tension  lamps,  the  upper  carbon  is  usually  about  }!'  larger  in 
diameter  than  the  lower.  The  only  carbons  that  are  copper-plated 
are  those  used  in  high-tension ,  series,  constant  current  lamps. 

Globes.  —  The  glassware  used  to  inclose  the  arc  has  received 
little  scientific  attention  heretofore,  and  it  is  not  at  all  unusual  to 
attempt  a  five  or  even  one  per  cent  saving  in  generating  the  cur- 
rent, and  allow  a  30  per  cent  loss  in  its  utilization  to  go  neglected. 
Globes  are  made  of  three  materials,  clear  glass,  opal  («)r  opaline  or 
ojialescent)  glass,  and  a  combination  of  the  two  called  alabaster. 
Arc  lamp  globes  are  either  blown  or  molded.  If  the  foiTncr  they 
will  vary  in  rcgidarity,  some  being  thicker,  more  or  less  curved, 
etc.,  than  others.  Often  the  mark  of  the  tool  used  by  the  ^lass- 
blower  to  shajje  the  globe  as  he  turns  it  will  pnxluce  streaks. 
Molded  globes  are  quite  rcgtdar,  but  frequently  show  the  joints 
running  vertically  down  the  side  of  the  mold.  Clear  glass  globes 
when  clean,  thin,  and  of  gtnxl  quality  transmit  90  to  95  per  cent 
of  the  light.  When  dusty,  thick,  or  of  poor  glass  the  loss  is  easily 
doubled.     The  most  common  defects  in  these  globes  are  bubbles, 
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and  other  inequalities  which  cast  shadows,  and  render  the 
illumination  very  uneven. 

Opal  globes  are  made  of  a  glass  into  which  some  substance^ 
frequently  iron,  has  been  introduced,  making  it  translucent,  but 
partly  destroying  its  transparency.  This  is  done  to  diffuse  the 
light,  and  to  cut  off  certain  undesirable  colors.  The  globes  will 
vary  from  one  through  which  outlines  can  be  readily  distinguished, 
to  those  whose  appearance  resembles  a  china  plate.  The  denser 
globes  effect  a  greater  diffusion,  but  frequently  cut  off  the  greater 
part  of  the  light.  A  light  opal  globe  may  cut  off  20  to  35  per 
cent  and  a  heavier  one  from  35  to  50  per  cent. 

Alabaster  globes  are  made  of  two  layers  of  glass,  one  clear  and 
the  other  translucent.     They  are  usually  very  dense,  and  cut  off 
40  to  GO  per  cent  of  the  light.      In  order  to  combine  the  high  trans- 
missive  power  of  a  clear  globe  with  the  diffusion  of  an  opal  one,  it 
is  customary  to  grind  clear  globes,  dividing  the  surface  into  equal 
portions.     The  dividing  line  may  be  either  vertical  or  horizontal. 
The  former  is  usually  employed  where  the  light  is  to  be  thrown  in 
a  direction  away  from  the  sjx^ctator,  as,  for  instance,  into  a  show 
window  from  a  lamp  hung  in  front.     The  horizontally  half-ground 
globes  are  often  used  for  the  illuminatifin  oi  large  interiors  where 
an  intense  tight  is  to  be  thrown  on   the  ceiling  and  upper  walls  f(^r 
diffusion  and  a  less  glaring  light  to  the  floor  belfnv.     The  effect 
of  the  grinding,  which  is  usually  done  by  a  sand-blast  applied  to  the 
outer  surface  of  the  globe,  is  to  diffuse  the  direct   rays  of  the  arc, 
and  form  a  brilliant  scintillating  surface.     When  the  roughening  is 
caused  by  acid  the  effect  is  less  marked.     When  applied  to  both 
outside  and  inside  of  a  globe  the  diffusion  itjiproaches  that  of  light 
opal.     A  very  successful  effect    for  interiors  is  produced  by  grind- 
ing the  lower  two-thirds  of  the  surface  of  the  globes,  thus  cutting 
off  the  direct  arc  rays,  even  to  those  standing  some  distance  away. 
The  general  shape  of  arc  lamp  globes  is  such  as  to  protect  the 
arc  from   side  wind.s,  with   less  attention  to  inclosure  from  rain  or 
snow.     With  open  arcs  the  shajDe  should  he  such  that  the  globe  is 
easily  cleaned   without   removal   from   the  lamp,  not  apt  to  crack 
from  changes   in  temperature,   and  of  such  curvature   that    dust, 
■  insects,  etc.,  fall  into  the  cup  usually  placed  beneath, 
I         With   inclosed  arcs  a  sha]ic  which  will  not  sh^nv  a  long,  dark 
H    [x^rtion  in  the  shadow  of  the  negative  carbon  should  be  chosen. 


Recently  a  new  form  of  globe,  the  holophane  {wholly  lumi- 
nous), made  of  clear  glass  after  the  designs  of  Blondel  and  Psarov- 
daki,  has  come  into  use.  This  globe  diffuses  the  light  perfectly, 
so  that  every  part  of  the  globe  sparkles  equally  brightly,  redistrib- 
utes the  light  so  as  to  throw  downward  many  of  those  rays  that 
would  go  upward  or  otherwise  be  lost,  and  is  capable  of  varying 
the  distribution  to  suit  the  purpose  to  which  it  is  to  be  applied. 

The  distribution  of  the  light  is  effected  by  prisms,  whose 
section  is  somewhat  like  the  teeth  of  a  circular  saw,  molded  in 
horizontal  rings  on  the  outside  of  the  globe.  The  vertical  section 
of  a  holophane.  Fig.  273,  shows  that  each  tooth  differs  somewhat 
from  its  neighbor.  The  prisms  on  the  uppermost  portion  of  ihe^ 
globe  are  so  designed  that  the  rays  striking  them  will  be  totally^ 
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reflected  back  through  or  nearly  through  the  source  of  light,  and 
emerge  from  the  lower  part  of  the  globe  on  the  opposite  side. 

About  45  degrees  from  the  top,  the  prisms  deflect  the  ui>-going 
rays,  so  that  they  emerge  horizontally  and  somewhat  below  the 
horizontal.  From  there  down  to  the  level  of  the  arc  the  prisms 
all  refract  and  reflect  the  light  down  toward  the  floor  or  street. 
Below  the  horizontal  the  function  nf  the  prismatic  ribbings  is  to 
distribute  the  light  so  that  the  objects  below  the  arc  are  uni- 
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Hff.  273.     Vertical  Sesitan  of  Hotophant  fl^o6e. 

formly  illuminated,  weakening  the  intensely  bright  zone  due  to  the 
maximum  candle-power  about  40  degrees  below  the  horizontal,  and 
lightening  the  darker  circle  that  tends  to  exist  immediately  below 
the  lamp. 

To  secure  still  more  perfect  diffusion  the  globe  is  ribbed  verti- 
cally inside,  as  shown  by  the  horizontal  section  in  Fig.  274.  The 
effect  of  the  diffusion  is  to  make  the  outer  edges  of  the  globe, 
viewed  from  the  side,  appear  as  luminous  as  the  center. 

Holophanes  have  the  disadvantage  of  requiring  a  stationary 
source  of  light  to  work  to  best  advantage.  This  calls  for  a 
focusing  open  arc,  or  a  fairly  stationary  inclosed  one,  two  inches 
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variation  in  a  l*2-inch  globe  not  being  excessive.     Tliey  have  the 
disadvantages  of  being  somewhat  expensive,  heavy,  and  liarder  toH 
clean,  but  are  a  marked  improvement  over  the  old  style  in  diffu- 
sion  and  economy  uf  light.     To  show  the  care  exercised  in  the 
design  of  the  prisms,  the    manufacturers    of   holophancs   in   this 
country  state  :  "  The  large  holophanes  have  as  many  as  400  calculi 
\atcd  faces,  each  designed  for  a  special  duty.     The  prt^file  of  each] 
one  of  these  prisms  is  calculated  by  the  laws  of  optics,  and  drawn] 
on  a  very  much  enlarged  scale  to  secure  accui*acy.     The  drawing 
is  then  reduced  and  transferred,  by  a  photographic  process,  to 


Fig.  274.    Horizontal  Sectipn  of  Hohffhan*  Oioftt, 


steel  plate,  and  the  profiles  cut  out  with  the  accuracy  of  engrave 
work,     A  tempered  steel  tixil   is  then  made  corresponding  to  thi 
template,  accurate  to  the  one  thousandth  part  of  an  inch  ;  and  ihi^ 
tool  is  used  in  cutting  the  grooves  in  the  mold  in  which  the  glas 
is  pressed,  after  which  it  is  annealed.'* 

The  cuts  '275  and  27B  show  the  effect  of  clear  and  o|Xil  globes^ 
on  the  distribution  of  light. 

Lamp  Mechanisms  and  Constiuctions,  —  The  functions  of 
arc-lamp  mechanism  may  be  described  as  follows  •  — 
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of  circuit  on   which  the  lamp  operates,  usually  effected    by  the 
"  cut  out  "  in  one  of  the  following  ways  :  ^ 

5.    On    constant  current  circuits,  to   maintain  the    continuity  V 
of  the  circuit  through  another  path,  if  that  through  the  carbons 
is  broken  by  failure  to  feed  or  by  reason  of  their  having  been 
used  up  or  broken. 

On  constant  potential  circuits  to  Open  the  circuit  under  the 
same  conditions  if  the  lamps  run  in  parallel,  or  to  substitute  an  fl 
equivalent  resistance  if  two  or  more  lamps  run  in  series. 

Regulation  may  be  by  hand  or  automatic.  Hand  regulation  is 
used  where  the  operator  is  always  present,  as,  for  instance,  with 
projection  lanterns,  searchlights,  etc.  For  arcs  employed  for  gen- 
eral illumination  automatic  regulation  is  invariably  used. 

The  general  principle  employed  is  the  balance  effected  between 
the  pull  of  a  spring,  gravity,  or  both  against  the  pull  of  one  or 
more  solenoids  or  magnets.  The  variations  in  mechanical  details 
are  endless.  The  balance  is  preserved  when  the  arc  is  in  its  normal 
condition.  The  mechanism  is  so  arranged  that  too  great  length 
of  arc  will  weaken  the  solenoidal  pull,  and  too  short  length  increase 
it  or  vice  versa.  In  lamps  intended  for  scries  circuits,  these  func- 
tions are  performed  by  two  types  of  mechanisms,  known  as  shunt 
and  differential. 

In  shunt  lamps  a  circuit  is  led  to  the  solenoid  from  opposite 
sides  of  the  arc,  so  that  the  normal  voltage  across  the  coil,  whose 
resistance  may  be  400  or  500  ohms,  is  47  volts  for  an  open  arc. 

When  the  current  is  off,  the  carbons  are  held  apart  by  the 
retractile  force  of  a  spring,  gravity,  etc.  On  tiu-ning  on  the  cur- 
rent, a  high  voltage  exists  across  the  gap  between  the  electrodes, 
and  the  solenoid  overcomes  the  retractile  force,  ^'ceding  the 
carbons  together.  When  the  carbons  touch,  the  voltage  instantly 
drops,  and  the  retractile  force,  overcoming  the  weakened  solenoid, 
pulls  the  carbons  apart,  and  springs  the  arc.  When  the  vultage 
rises  too  high,  the  shunt  coil  again  feeds  the  carbons  enough  to 
restore  a  balance.  Two  points  are  worthy  of  special  attention  in 
connection  with  shunt  lamps.  The  first  is  that  the  carbons  are 
apart  at  the  start,  introducing  a  very  high  resi.stance  (450  c^ms 
for  each  lamp  in  the  series),  unless  there  is  an  auxiliary  cut-out 
circuit,  This  exceedingly  high  resistance  introduces  a  difficulty 
in  starting  the  average  arc  dynamo,  and  gives  rise  to  potentials 
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exceeding  the  line  voltage,  and  possibly  dangerous.  The  other 
feature  is  that  the  mechanism  is  entirely  independent  of  current 
strength,  and  wOl  maintain  a  given  voltage  across  the  arc  what- 
ever the  current.  Therefore  such  lamps  will  operate  on  circuits 
of  various  current  values  without  any  additional  adjustment.  They 
have  also  the  property  of  varying  the  energy,  and  therefore  the 
light  at  the  arc  no  more  nor  less  than  the  percentage  that  the  cur- 
rent varies  from  normal.  On  the  other  hand,  when  the  current 
of  a  line  abnormally  increases,  decreasing  the  resistance  of  the 
arcs,  and  tending  to  grow  still  larger,  these  lamps  do  not  assist 
the  dynamo  to  regain  its  equilibrium.  This  gives  rise  to  a  ten- 
dency to  unstable  equilibrium  ^A  the  current  in  the  line  manifested 
by  surging  of  the  lamps  or  jumping  arcs. 

The  differentia!  lamp  when  at  rest  has  its  carbons  in  contact. 
They  are  separated  by  the  pull  of  a  scries  coil  opposing  gravity  or  a 
spring  which  the  shunt  coil  assists.  In  this,  as  in  the  shunt  lamp, 
the  pull  of  the  shunt  coil  tends  to  feed  the  carbons  together.  Obvi- 
ously this  lamp  has  a  low  resistance  before  the  current  is  turned 
on,  which  is  an  advantage.  The  current  passing  through  the 
carbons  and  series  coil  energizes  the  latter  to  pull  the  carbons 
apart,  against  the  action  of  gravity,  because  the  shunt  coil  is 
inert  when  the  carbons  are  in  contact  with  no  voltage  across 
them.  This  insures  a  rapid  and  positive  opening  of  the  arc.  As 
soon  as  the  arc  is  sprung,  the  shunt  coil  begins  to  act,  but  does 
not  effect  a  balance  until  the  series  coil  has  pulled  the  arc  long 
enough  for  the  normal  voltage.  When  the  voltage  rises,  the  shunt 
coil  feeds  the  carbons  exactly  as  in  the  shunt  lamp.  These  lamps 
will  work  properly  only  within  small  limits  on  either  side  of  the 
current  to  which  they  are  adjusted.  An  increase  in  current  will 
result  in  a  stronger  pull  of  the  series  coil,  which  will  draw  the 
carbons  apart,  until  the  increased  voltage,  acting  through  the  shunt 
coil,  again  effects  a  balance  ;  less  current  will  weaken  the  series, 
and  allow  the  carbons  to  approach.  Such  lamps  therefore  increase 
the  apparent  resistance  of  the  arc  as  the  current  rises,  and  corre- 
spondingly assist  the  dynamo  in  maintaining  the  current  vahie 
constant.  For  a  given  \'ariation  in  current,  however,  they  show  a 
greater  variation  in  light,  since  they  increase  the  arc  voltage  with 
the  current,  so  that  the  watts  rise  faster  than  the  current  strength. 
One  point  in  favor  of  the  differential  lamp  is  that  the  striking  of 
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the  arc  is  a  positive  action  effected  by  the  current.  Both  styles 
of  lamps  give  satisfaction,  the  must  notable  example  of  the  shunt 
lamp  being  the  Thomson-Rice,  while  the  most  prominent  type  of 
the  differential  is  the  Brush. 

In  addition  to  the  elementary  features  above  described,  shunt 
lamjDS  usually  have  an  auxiliary  shunt  winding  of  coarse  wire  tliat 
acts  in  striking  the  arc.  If  the  fine-wire  shunt  coil  only  were 
employed,  the  retractile  mechanism  of  the  first  lamp  to  operate  on 
starting  up  would  sejiarate  the  carbons  without  drawing  an  arc, 
since  only  a  very  small  current  can  jdjiss  through  the  sliunt  coils 
of  the  other  lamps  in  the  series.  The  carbons  will  lend  to  vibrate, 
like  the  hammer  of  an  electric  bell,  until  all  the  carbons  are  down 
together,  when  they  can  all  pick  up  their  arcs.  The  coarse-wire 
shunt  passes  sufficient  current  around  the  carlx»ns  when  apart  to 
maintain  an  arc  between  the  carbons  of  any  other  lamp  in  the 
series.  As  SL^m  as  the  arc  is  struck,  the  circuit  of  the  coarse- 
wire  shunt  is  opened  by  the  armature  or  an  aiixihary  magnet 
or  some  such  device. 

Cut-out.  —  In  all  scrips  lamps  it  is  absolutely  essential  to 
insert  a  device  hy  which  a  continuous  path  is  provided  for  the 
current  in  case  the  carbons  fail  to  feed,  or  if  they  are  totally 
consumed,  or  when  the  lamp  is  to  be  rendered  harmless  f«  r 
inspection.  In  a  circuit  fed  by  a  powerful  arc  machine  the  ten- 
dency to  maintain  the  current  is  enormous  ;  and  an  arc  a  yard 
long  may  be  drawn  at  a  potential  of  two  thousand  volts  or  mi»re, 
unless  some  positive  and  reliable  means  exists  for  short  circuiting 
it.  These  devices,  known  as  cut-outs,  are  contacts  connected  to 
the  poles  of  the  lamp.s,  and  so  arranged  that  they  are  brought 
together  as  requii'ed.     Cut-outs  should  <vj)L*rate  — 

When  the  carbons  fail  to  feed. 

When  the  carbons  are  consumed  or  broken  off. 

When  operated  by  hand  by  the  Irimmer. 

The  surfaces  of  the  cut-out  that  make  contact  should  be  made 
of  a  metal  not  easily  oxidized,  such  as  silver,  and  with  the  sur- 
faces vertical  so  as  not  to  collect  dust.  A  common  form  ol  cut- 
out is  a  silver  button  on  the  armature  making  contact  with  a 
fixed  button,  when  the  armature  is  pulled  all  the  way  over  by 
the  shunt  coil  This  practice  is  not  to  be  commended,  since  it 
docs  not  operate  if  the  armature  itself  should  stick.     A  belter 
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arrangement  is  an  auxiliary  cut-out  in  addition  to  the  armature 
cut-out,  which  will  operate  even  if  the  armature  sticks.  The  dis- 
advantage of  such  a  device  is  that  it  is  liable  to  operate  when  not 
wanted,  but  this  may  be  overcome  by  adjusting  the  auxiliary  cut- 
out to  act  only  at  considerable  incre^ise  over  normal  potential. 

■  The  cut-out  that  comes  into  i>lay  when  the  car  buns  are  con- 
s.imed  consists  usually  of  a   contact  attached  tu  the  carbon  rod 

_  or  parts  moving  with  it,  making  connection  with  another  contact 

y  on  a  fixed  part    of  the   lamp.     To   cut  out  the   lamp  by  hand,  a 

lever  is  frequently  provided  that  wiU  have  the  same  effect  as  the 

descent  of  the  carbon.      In  any  case,  the  effect  of  a  series  cut-out 

i5  to  dead  short  circuit  the  lamp,  making  it  safe  to  handle. 

■  On  lamps  that  arc  run  two  in  series  on  constant  potential 
circuits,  the  cut -out  must  be  set  to  introduce  a  resistance  that  will 
produce  the  same  drop  as  the  lamp  itself,  thus  disturbing  the 
other   lamp  ur  lamps  in  the  same  string  as  little  as  pnssiblc. 

H  Inclosed  arcs  when  run  in  series  require  a  similar  cut-out.  but 
have  none  at  all  when  burning  singly  in  jxirallel  on  incandescent 
circuits.  In  this  case  the  arc  breaks  when  the  carbons  are 
exhausted,  and  the  lamp  goes  out. 

k        Long-range  pull  of  magnets.      It   is  evident  that  the  magnets 
f  all  lamps  must  exert  a  pull  on  their  armatures  just  sufficient  to 
laintain  a  balance,  whether  the  armature  be  close  to  or  far  from 
the  pole.     Where  the  force  to  be  overcome  by  the  armature  pull 
remains  constant,  the  magnet  or  solenoid  must   be  constructed   so 
as  to  have  long  range,  that  is,  an  even  [jull  throughout  the  travel  of 
the  armature. 
H         Where,  however,  the  attract itm   of   the  coil   for   the  armature 
~  is  very  uneijual   through  the  limit   of  motitm,  as  it   is  apt  to  be 
unless  specially  provided  ff>r,  the  force  of  the  armature  is  equal- 
ized over  the  range  of   the   carbon   motion   by  stime  mechanical 
K,  device,  called  an  equalizer,  such  as  a  [xiir  of  can^s. 
H         Temperature    Correction.      Another   essential    feature    of    mod- 
H  em  lamps  is  an    arrangement   whereby  the  energy  at  the  arc   is 
maintained  constant,  independent  of  variations  in  the  temperature, 
and  hence    current   in   the  shunt  coil.     In   shunt    lamps   this    is 
usually  effected  by  the  somewhat  expensive  recourse  to  a   spetial 
metal,    with  a  low  temperature  coefificient,   for    the    wire   of   the 
shunt.     In  differential  lamps  it  is  usual  to  shunt  the  series  coil 
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itself  with  a  small  piece  of  low  coefficient  metal  When  the 
shunt  resistance  increases  through  heat,  weakening  its  current 
and  pull,  it  would  be  overpowered  by  the  series  coil  were  it  not 
for  the  fact  that  the  cupper  series  coil  has  also  risen  in  tempera- 
ture, shunting  more  current  around  itself  through  the  low  coeffi- 
cient wire,  and  thereby  weakening  its  own  pull.  By  proper 
adjustment  of  this  "temperature"  shunt  the  lamp,  whether  hot 
or  cold,  may  be  made  to  maintain  constant  energy  at  the  arc. 

Magnetic  Circuits,  —  The  magnetic  circuits  of  the  shunt  and 
series  coils  have  an  important  bearing  on  the  sensitiveness  of  the 
lamp.  If  the  shunt  coil  is  wound  over  or  under  the  series  coil, 
but  in  opposition  to  it,  so  that  it  has  no  separate  magnetic  flux 
of  its  own,  increase  in  shunt  current  will  weaken  the  pull  of  the 
series  coil  by  a  certain  number  of  ampere  turns.  WTien,  how- 
ever,  the  series  and  shunt  have  separate  magnetic  circuits,  and 
pull  against  each  other,  an  increase  in  shunt  current  will  draw  the 
armature  or  core  toward  the  shunt  coil,  shortening  and  strength- 
ening its  own  magnetic  circuit,  and  lengthening  and  weakening 
that  of  the  series.  This  strengthens  the  pull  of  the  shunt,  while 
it  weakens  that  of  the  series ;  the  result  being  that  the  actions  ■ 
of  the  two  coils  are  stronger  and  more  positive  when  each  has 
its  own  magnetic  circuit. 

The  arrangement  for  feeding  the  carbons  in  arc  lamps  is  ■ 
usually  of  the  non-focusing  type  when  intended  for  service  where 
the  utmost  simplicity  of  mechanism  is  essential.  All  street  lamps 
were  formerly  non-focusing ;  lately,  however,  the  care  of  electrical 
apparatus  has  become  better  understood,  so  that  focusing  lamps 
are  quite  practicable.  The  focusing  arc  lamp  has  several  advan- 
tages over  the  non-focusing  type.  One  of  these  is  that  the 
shadows  of  the  side  rods  and  bottom  part  of  the  lamp  stay  in  the 
same  place,  and  do  not  increase  in  size,  as  occurs  when  the  arc  fl 
travels  downward  on  the  negative  carbon.  Another  advantage  is  ™ 
that  the  heat  is  generated  at  the  same  point,  and  the  globe  is  not 
unevenly  heated  rendering  it  liable  to  crack.  The  focusing  arc 
also  permits  the  use  of  a  very  efficient  reflector,  since  the  reflector 
can  be  placed  and  maintained  close  to  the  arc.  (See  Fig.  268.) 
In  continuous  current  lamps  this  is  not  of  such  great  importance, 
because  most  of  the  light  is  thrown  downward  anyway,  but  in 
aifernating  lamps  it  is  quite  essential.     For  use  with  holophane 
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elobes  a  focusing  lamp  is  important,  since  the  holophane  is  de- 
signed to  diffuse  and  distribute  the  light  properly  when  coming 
6rom  a  certain  specified  point,  preferably  an  inch  or  two  above  the 
jicenter  of  the  globe.  If  this  point  of  light  should  travel  down- 
prard,  as  it  does  in  the  non-focusing  lamps  as  the  negative  carbon 
is  consumed,  the  action  of  the  holophane  would  be  much  less  reg- 
lular  and  satisfactory.  The  disadvantage  of  focusing  lamps  is  the 
complication  in  mechanism  required  to  feed  the  lower  carbon,  and 
Ithe  added  difficulty  of  trimming.  The  lower  carbon  is  usually 
•drawn  up  by  a  chain  passing  around  a  wheel  in  the  upper  part  of 
"the  lamp  to  the  carbon-holder  carrying  the  upper  carbon.  As  the 
li Upper  carbon  descends,  the  lower  one  is  drawn  up,  the  action  being 
I  regulated  by  a  clutch  working  on  some  part  of  the  wheel  or  chain 
Imechanism.  Another  disadvantage  of  this  type  of  lamp  is  the 
I  necessity  for  using  carbons  of  different  sizes.  Thus  a  common 
combination  is  a  f  inch  upper  carbon  14  inches  long,  and  J  inch 
llower  carbon  12  inches  long,  with  a  life  of  about  twelve  hours. 
If  the  lamps  bum  only  seven  or  eight  hours,  as  they  do  during  a 
large  part  of  the  year,  the  remainder  of  the  carbon  is  wasted, 
fWhereas,  in  double  carbon  non-fixusing  lamps  the  same  length  of 
^ime  would  consume  practically  all  of  one  pair  of  carbons.     If  it 

lonsumed  more  or  less  than  an  even  pair  of  carbons,  the  remaining 
Ttion  would  be  used  to  trim  one  side  of  the  lamp,  and  a  full  set 
carbons  would  be  used  in  the  other.    Thus,  no  carbon  is  wasted, 

inless  the  lamps  burn  so  long  that  more  than  one  and  one-half 
[pairs  of  carbons  are  required  ;  in  this  case  of  course  it  would  be 
iiiecessary  to  fully  renew  both  pairs.  Again,  carrying  two  sizes  of 
carbons  in  stock  is  somewhat  of  a  nuisance  for  arc-light  stations 
d  lamp-trimmers. 
Double  Carbon  Lamps.  - —  Originally,  in  order  to  gain  life,  car- 
^bons  were  made  very  long,  and  were  therefore  expensive  and  liable 

:o  break.     A  pair  of  carbons  some  12  or  14  inches  long,  of  a  size 

hat  will  give  good  efficiency  and  steadiness,  such  as  ^  inch,  will 

lot  last  longer  than  eight  hours ;  and  this  was  found  too  short  for 
-night  service  during  the  American  winter.     To  meet  this  neetl, 

rush  invented  the  double-carbon  lamp.      In  this  lamp  there  are 
o  independent  sets  of  carbons,  both  fed  by  one  mechanism.    The 

irush  clutch,  which  is  shown  in  Fig,  277,  is  the  device  originally 
cd  to  feed  one  pair  until  it  was  consumed,  and  then  the  other. 


As  will  be  seen,  it  consists  essentially  of  a  clamp  holding  two 
washers,  each  one  encircling  one  of  the  carbon  rods.  The  carb<Ti\ 
rod  is  gripped  hy  the  tilting  of  the  washer  when  the  clamf^  is 
raised,  and  the  clamp  is  so  shaped  (one  of  the  jaws  being  wider  and 
one  washer  having  a  larger  hole  than  the  other)  that  one  washer 
is  tilted  more  than  the  other.  This  causes  one  washer  to  grip  its 
rod  before  the  other.    As  the  clamp  is  raised,  the  rod  first  gripped 
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Fig.  277,     Originai  Brush  CtutCh, 

lifts  its  carbon  from  the  negative,  and  the  arc  follows  between  the^^ae 
next  carbon  and  its  negative.  In  order  to  keep  feeding  the  carbon^rTi 
last  raised,  and  not  the  other  one,  a  stop,  or  release,  is  so  placed 
that  on  the  descent  of  the  clamp  it  will  come  in  contact  with  the 
washer  that  has  been  most  tilted,  and  release  its  grip  on  the 
before  the  other  washer  has  struck  the  detent.  When  this  carbor 
rod  has  dcsr.nded  its  full  length,  the  clamp  in  trying  to  feed  falls 
still  more,  finally  touching  the  release,  allowing  the  second  carbor 
rtjd  to  slip  down  and  strike  the  arc.  The  extreme  simplicity  o^ 
this  mechanism  found  immediate  favor,  and  the  short  carbons  that 
it  was  enabled  to  use  materially  lessened  the  cost  of  arc  Ughting. 
Practically  the  same  device  is  applied  at  present  in  a  modified  form 
in  all  clnuble-carbon  lamps. 

Carbon  Feed.- — Two  methods  are  commonly  employed  to  feed 
the  carbons  :  In  tme,  the  clutch  mechanism  acts  directly  on  the 
carbon,  and  this  is  termed  direct  or  carbon  feed.  In  the  other 
form,  the  carbon  is  gripped  by  a  clamp  attached  to  a  long  nxi, 
sometimes  to  a  chain  jxissing  over  a  wheel,  and  the  feeding  is  done 
by  the  action  of  a  clutch  gripping  the  rotl  or  wheel.  When  the 
rod  is  used  the  lamp  is  kmnvn  as  a  rod  lamp,  or  in  the  case  of  a 
chain  or  band  as  a  chain  or  band  lamp. 

Rod  Fi'i'ii.     Taking  up  the  rod  feed  first ;     The  advantage  it 
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offers  is  that  the  carbon  is  prisitivcly  clamped  in  a  holder  making 
good  contact  between  carbon  and  meta!.  The  surface  resistance 
of  carbon  is  ver^^  high,  causing  a  great  tendency  to  arc  unless  the 
contacts  are  broad  and  substantial.  The  metallic  rtxl  usually  has  a 
smooth  and  polished  surface  on  which  the  clutch  grips,  so  that  the 
action  of  the  clutch  is  quite  regular.  If,  instead  of  a  tilted  ring,  a 
modified  form  of  clutch  is  used,  having  a  longer  gripping  surface, 
such  as  shown  in  Fig.  278,  being  the  new  Brush  clutch,  nicks  or 


fig,  278.    Haw  Brush  Clutch. 


ciirt  on  the  carb>n  rod  will  not  affect  the  evenness  of  the  feed. 

'XTie  weight  of  the  metallic  rod  makes  its  descent  sure,  and  the 

Current  is  fed  to  it  c^asily  by  means  of  contact  brushes  or  springs 

hearing  on  it.     The  disadvantage  of  the  rod  is  tliat  it  requires  to 

liie  polished  or  kept  bright  ;  that  it  is  apt  to  \^arp  by  heat,  or  be 

bent  by  carelessness  in  handling ;  and  that  the  length  of  the  lamp 

is  greatly  increased  since  the  carbon  rod   must   be  considerably 

longer    than    the    carbon    itself.     The   chain-and-wheel   feed  is  a 

mcxlified  rod  feed  in  which  the  clutch  grips  the  wheel  or  chain 

i  nstead  of  the  carbon.     This  avoids  the  chance  of  bending  the  rod  ; 

;ind,  as  the  wheel  may  be  inclosed  in  the  lamp,  does  away  with  the 

necessity  of  polishing  the  working  surfaces  that  are  tarnished  by 

•jxposure  to  the  atmosphere,  as  in  the  case  of  the  rod.     But  the 

element  of  friction  is  introduced  in  all  lamps  having  chain  feed, 

which  is  apt  to  cause  irregularity  in  a  lamp  after  it  has  been  in 

service  some  time  and  the  parts  have  become  oxidized. 

Direct  or  Carbon  Fctd,  Passing  to  lamps  in  which  the  clutch 
grips  the  carbon  directly,  it  will  be  noticed  that  they  have  the 
advantage  of  minimum  length,  since  the  whole  lamp  need  be  but 
very  httle  longer  than  the  added  lengths  of  the  carbons  used. 
The  difficulty  with  these  lamps  is  that  the  carbon  has  little  weight, 
not  descend  with  a  positive  action  unless  it  is  weighted  by 
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some  device  at  the  top.  This  lengthens  the  lamp,  'Again7 
is  probably  the  greatest  difficulty  is  the  feeding  of  the  current  to 
the  carbon.  If  this  is  accomplished  by  means  of  rings,  or  any 
sliding  contact  device,  there  will  always  be  a  tendency  to  arc  if 
the  parts  become  oxidized  or  covered  \vith  dust,  since  the  contact 
between  the  carbon  and  the  ring  or  brush  cannot  be  very  gCKxi 
without  introducing  too  much  frictioru  If  a  flexible  cord  b  used  to 
convey  the  current  to  the  carbon,  it  requires  a  form  of  carbon  holder 
which  will  take  up  considerable  room,  and  needs  a  guide  to  direct 
the  upper  end  of  the  carbon  ;  furthermore  a  flexible  cord  is  not  a  very 
reliable  thing  to  employ,  because  continual  bending  of  the  wire  and 
insulation  will  ultimately  break  the  wire  and  fray  the  insulation. 

Clutches,  —  A  clutch  is  a  device  intended  to  move  freely  ove 
a  surface  in  one  direction,  and  grip  it  when  the  movement 
reversed  The  usual  function  of  a  clutch  in  an  arc  lamp  is  to  gri] 
the  carbon  or  rod  so  that  it  cannot  slip  until  the  clutch 
been  opened  by  descending  far  enough  to  touch  a  release.  The: 
are  any  number  of  different  types  of  clutch,  but  as  a  rule  tb 
simplest  are  the  best.     Clutches  are  frequently  constructed  like  a 


ice-tongs,  which  grip  when  the  supporting  weight  is  on  them,  bu^  -^t 
release  as  soon  as  pressed  down.  (See  Fig.  295.)  Any  cam  sur"^*- 
face  will  act  as  a  clutch  when  the  pivot  around  which  the  can^cm 
moves  is  ftxed,  and  the  object  is  gripped  between  the  edge  of  th»-  ^^ 
cam  and  another  fixed  surface.  There  is  a  critical  angle  at  which  ^-  ^ 
clutch  of  this  kind  fails  to  work,  varying  according  to  the  matcri.i^r~^l 
of  which  the  cam  and  the  surface  that  it  grips  are  made.  A  con*:^"^- 
mon  value  for  this  angle  would  be  fifteen  degrees  above  the  hor 

zontal.     A  go(xl  clutch  should  release  th» 
surface    that  it  grips  with   the    minimur 
effort    by  the   release.      The  effect   of  ^.^^ 
clutch   sticking   is   to    cause    most    of   it    -S 
weight  to  rest   on   the    release,    therefor ^^H 
varying  the  weight  supported  by  the  magT* 
net  coils,  and  causing  iiTegular  lengths  of 
arc.     If  a  clutch  sticks  badly  the  arc  wili 
lengthen  until  it  goes  out,  in  the  case  of 
constant  potential  lamps. 

The  roller  clutch  m   Fig.   279  is  self- 
evident   in   its  manner   of   wdrking.      Such    clutches  as  are  not 
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specially  shown  will  be  found,  in  their  many  forms,  on  the  cuts  of 
lamp  mechanism  in  this  chapter.  Other  forms  of  mechanism  that 
are  not  so  much  used  in  modem  practice  are  the  rack  or  escape- 
ment feed  and  the  hot-wire  mechanism. 

The  name  of  the  former  is  sufficiently  descriptive,  and  all 
lamps  operating-  on  this  principle  give  the  same  trouble  that  a 
clock  would  if  exposed  to  heat,  dust,  and  atmospheric  influences. 
^Vhen  in  good  condition  these  clockwork  lamps  give  fine  results, 
but  quickly  get  out  of  order. 

The  hot-wire  lamp,  shown  in  Fig.  280,  is  the  other  extreme, 
since  it  has  practically  no  mechanism  at  all.  One  end  of  a  wire 
made  of  an  alloy  with  a  high  coefficient  of  expansion 
is  fastened  to  the  frame  of  the  lamp.  The  other 
end  of  the  wire,  which  usually  passes  several  times 
up  and  down  through  the  lamp^  is  fastened  to  a 
clutch,  gripping  the  carbon.  This  clutch  is  held 
up  by  a  spring  working  against  the  pull  of  the 
wire.  For  an  inclosed  arc  lamp,  the  wire  is  in 
series  with  the  arc.  When  the  lamp  is  cold,  the 
vrire  contracts,  and  draws  the  clutch  and  carbon 
down.  When  current  is  turned  on,  the  wire  heats 
rapidly,  and  expanding  allows  the  spring  to  draw  up 
the  carbon,  springing  the  arc.  If  the  current  in- 
creases, the  wire  expands  further,  allowing  the  spring 
to  lengthen  the  arc  and  vice  versa.  Despite  its 
apparent  simplicity  and  positiv^e  action,  there  are 
several  difficulties  with  this  type  of  lamp.  One  is 
the  lack  of  sensitiveness  in  the  wire  ;  because  small 
current  variations  have  little  effect  upon  the  tem- 
perature, and  a  mechanism  of  this  kind  is  slow  to  re- 
spond, compared  with  a  solenoid  or  magnet.  If  the 
arc  is  accidentally  extinguished,  the  length  of  time 
required  to  co<:>l  the  wire  so  that  the  carbons  touch 
again,  is  considerable.  Such  lamps  are  also  af- 
fected by  the  surrounding  temperature  unless  com- 
pensating wires  are  introtkiced,  which  destroy  the 
Isimphcity.  For  alternating  lamps  the  hcit  wire  has  the  great  ad- 
vantage of  being  free  from  magnetic  vibration.  It  is  essentially  a 
cheap  and  simple  construction  capable  of  greater  development. 
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F\^.  280.    Jont* 
Hot-wir*  Lamp. 


ELECTRIC  LIGHTING. 

loverted  Arcs.  —  In  order  to  obtain  diffused  illumination  the 
arc  is  sometimes  inverted  (Fig.  281)^  so  that  most  of  the  light  is 
thrown  on  the  ceiling  to  be  reflected  downward.      In  such  cases 

it  is  usual  to  feed  the  negative 
carbon  as  it  is  then  the  upper 
one.  It  may  be  a  trifle  larger 
and  the  positive  a  little  smaller 
than  usual,  since  the  rising  heat 
of  the  arc  adds  to  the  rate  of 
consumption  of  the  negative  in- 
stead of  the  positive.  For  a 
similar  reason  inverted  arcs  are 
almost  a  third  shorter  for  a  given 
voltage  than  ordinary  arcs,  and 
the  efficiency  is  diminished. 
This  results  because  it  requires 
more  energ)^  to  maintain  th 
heat  of  the  crater  when  it  i: 
underneath,  which  is  equivalen 
to  a  less  length  for  the  same 
energy.  Ordinary  lamps  are 
also  used,  with  upturned  reflectors  undemeath. 

Lamp  Mechanism.  —  The  variations  of  open-arc  mechanismf 
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Fig.  2S1.    tnvertea  Mro  lamp. 
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are  almost  endless,  but  with  the  previously  e.vplained  principles 
any  may  be  mastered  with  a  little  study. 
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ffg,  283.    Circuit  a  of  Thomton-HouMton 
Lamp. 
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In  Fig.  283  we  have  the  Thomson-Houston  lamp  mechanism, 
showing  the  electric  circuits.  It  consists  of  a  seesaw  lever,  LL, 
pivoted  at  Of  and  provided  with  a 
long  tail,  Tf  the  motion  of  which 
is  modified  by  an  air  dash-pot. 
Below  is  an  electro-magnet,  J/,  in 
the  main  circuit  ;  and  above  is  a 
second,  5,  %vhich  is  connected  as 
a  shunt.     The  pole   pieces  are  of 

conoidial  shape,  protruding  through 

ai>ertures  in  the  armatures,  aa,  and 

^^,  to  give  a  longer  range  of  pull. 

The  lower  and  the  upper  arms  of 

the  clutch,  marked  /^  and  /•,  close 

together  when  the  tail,    7]    rises, 

gripping  the    carbon   rod,   C»  and 

raising  it.     The  current  enters  the 

lamp  through  an  insulated  terminal  at  +  -P,  flows  first  around  Af, 

and  then  goes  to  the  frame  of  the  lamp. 

Thence  it  divides,  the  main  current  finding  its  way  to  the 
upper  carbon-holder,  and  so  through  the  arc  to  the  lower  carbon- 
holder,  whence  it  returns  (by  a  route  not  shown)  to  the  insulated 
negative  terminal,  —  P. 

A  smaller  portion  of  the  current  flows  up  around  the  shunt 
electro-magnet  to  —  P.  The  arc  is  struck  by  the  prepimderating 
main  current  in  Jf  attracting  the  lever  end  of  the  seesaw  lever, 
and  raising  the  clutch.  The  feeding  is  accomplished  by  the 
increased  pull  of  the  shunt  magnet  if  the  arc  tends  to  become 
too  long  owing  to  the  carbons  burning  away. 

The  resistance  wire  J^  from  -^  P  to  c  constitutes  a  cut-out  cir- 
cuit, which  is  brought  into  operation  by  the  augumented  current  in 
S  on  any  failure  of  the  main  current.  The  small  coil  connected 
across  from  -\-  P  to  the  lamp  frame  is  a  mere  adjustment  to  regu- 
late once  for  all  the  power  of  the  series  coil,  Af,  relatively  to  the 
shunt  coil,  S. 

Among  the  best-known  open-arc  lamps  are  the  Brush  (differ- 
ential).  Fig.  284  ;  Thomson-Rice  (shunt),  Fig.  285;  Adams-Bagna! 
(differential-focusing).  Fig.  286  ;  Bergmann  (constant  potential), 
and  Westinghouse  (alternating) ;  and  many  other  successful  forms. 
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Mechanism  of  Inclosed  Arc  Lamps,  In  inclosed  arc  lamps  a 
simpler   mechanical  construction  has  been  reached,  by  reason  of 

the  greater  length  of  arc  permissible,  and  the  introduction  of  inde- J 
pendent  units  on  constant  potential  mains.     The  general  construe- ™ 
tion  of  d.c.  and  a.c,  lamps  is  similar,  the  essential  difference  being 
the  lamination  of  the  magnetic  parts  of  the  a.c.  lamps.  I 

In  a  d.c  inclosed  arc,  the  lower  carbon  is  usually  fixed  in  the 
bulb,  and  the  upper  carbon  slides  down  upon  it  by  gravity.  To 
spring  a  quiet  arc  the  upper  carbon  must  be  lifted  about  \  inch, 


fiij.  284.     Brush  Lawp  UechAnJam. 

and  remain  there,  when  the  current  is,  say  5  amperes.     The  ci ^ 

rent  should   stay  at   5  amperes  whether  the  armature  of  the  sv^P- 
pjrting  magnet  is  near  the  upper  or  the  lower  i:>art  of  its  trav^f 
and  whether  it  carries  the  full  weight  of  a  new  carbon  or  half  t"*^^ 
weight  of  one  near  the  end  of  its  run.     The  carbon  must  fetv/ 
down  a  little  each  time  the  armature  drops  to  the  feeding-point, 
without    greatly  ^'arying   the  current.     In  any    case  the    current 
must  be  fed  to  the  moving  carbon   by  some  positive  device,  as  the 
contact  resistance  of  carbon  is  hitrh  and  vari;i'  b. 
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Effect  of  Weight  of  M(nnng  Parts.  Tlie  weight  of  a  carbon 
12  inches  long  and  \  inch  in  diameter  is  '1  ounces.  After  a  run 
about  6  inches  will  be  left  in  the  holder.  Thus  the  weight  of  the 
moving  parts  has  decreased  by  about  one  ounce.  If  originally  the 
total  weight  of  carbon»  clutch,  armature,  etc,  was  5  ounces,  and 
\  it  required  a  current  of  5  amperes  to  hold  them  in  balance,  then  4 
amperes  will  balance  the  weight  at  the  end  of  the  run,  and  the 
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Fig.  285.     Themaon'fltea  Lamp  Mtchanlam. 

lamp  gives  less  light.  Unfortunately  to  this  is  added  the  effect  of 
the  dust  which  has  collected  in  the  bulb  during  the  run.  It  is, 
therefore,  very  desirable  to  keep  the  current  as  nearly  the  same  as 
possible,  but  ihis  necessitates  hea\7  moving  parts  like  a  carbon 
rod  or  weighted  carbon-holder.  With  a  total  weight  of  10  to  20 
ounces,  the  decrease  of  current  with  carbon  consumption  is  usually 
too  small  to   be  objectionable.     Having  settled  ou  the  ^WQNi^Vt 


Fig.  287.    Carbon-PMi,  Conttattt  PoUiitiaf, 
Dtfct  Curnnt  Lamp. 


moving  parts  anyi^'here  within  their  limits  of  travel,  usually  I  to 
^  of  an  inch.  The  best  procedure  to  ascertain  the  accuracy  of  a 
mechanism  is  to  disconnect  the  arc  gap,  and  substitute  for  it  an 
adjustable  resistance.  Adjusting  the  current  to  5  amperes,  the 
armature  will  usually  be  found  to  travel  upward  when  near  the 
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solenoid,  but  fall  when  some  distance  down.  This  would  be  a 
departure  from  perfect  design,  and  should  be  avoided  as  much  as 
possible.  Magnetic  parts  can  be  constructed  to  balance  at  any 
part  of  a  %"  travel  within  one  per  cent  of  the  normal  current.  It 
may  occur  that  with  an  armature  in  the  upper  position  only  4| 
amperes  will  be  required  to  hold  it  there,  while  at  the  lower  limit 
of  travel  5^  may  be  necessary.  Such  a  lamp  would  have  a  variation 
of  at  least  1^  amperes,  depend- 
ing on  the  position  of  its  arma- 
ture. The  latter  varies  any- 
where from  top  to  bottom, 
according  to  how  delicately  the 
dutch  feeds  the  carbons  and 
according  to  the  voltage.  If  the 
clutch  allows  only  a  very  small 
length  of  carbon  to  slip  down 
when  it  feeds,  the  armature  will 
tend  always  to  hang  near  the 
position  of  clutch  release  unless 
the  line  voltage  rises  accident- 
ally. 

Effect  of  Levers  ami  Com- 
plications. Some  lamps  contain 
combinations  of  levers  or  hnk 
motion  by  which  the  balance  of 
the  moving  parts  is  affected. 
For  instance,  the  carbon  and 
holder  may  be  partially  counter- 
balanced by  weights,  or  the 
clutch  or  solenoid  may  act 
through  a  lever  or  at  an  angle. 
In  such   cases    it    is    important 

to  see  that  the  introduction  of  the  levers,  etc.,  does  not  vary  the 
weight  upon  the  solenoid  by  reason  of  the  leverage  changing 
with  the  p<jsition  of  the  armature.  It  is  also  necessary  that  the 
net  weight,  after  deducting  for  any  counter-balancing,  is  large  com- 
pared to  the  weight  of  the  carbon  alone. 

Effect  of  Eriction.     In  all  lamps  the  working  parts  and  carbons 
move  with  more  or  less  friction  in  the  guides,  dashpots,  gas-ca\j^ 


Aff.  JUA    Etacirieai  ClnntlU  fa  fig.  287, 
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etc.  This  introduces  a  variation  in  current  equal  to  double  the 
current  equivalent  of  the  friction.  This  may  be  detected  as  fol-  fl 
lows  :  stroke  the  moving  parts  fc*^iitly  in  a  downward  direction, 
and  release  them  gradually.  They  will  rise  until  the  solenoid  has 
overcome  the  weight  plus  the  friction ;  then  note  the  current,  which 
may  be  5^^  amperes.  In  the  same  manner  raise  the  moving  parts 
slightly,  and  allnwthem  to  descend  gently,  when  the  solenoid  over- 
comes the  weight  minus  the  friction,  and  the  current  will  be,  say 
4^  amperes.  This  would  be  a  frictional  variation  of  one-half 
amjDere. 

Causes  of  Variation  of  Arc    Voltage.     It  is,  of  course,   under-     i 
stood  that  variations  of  current  produce  corresponding  changes  of  fl 
voltage  at  the  arc,  where  the  arc  is  in  series  with  a  resistance  as 
it  is  in  constant  potential  direct  current  work.     A  further  change  _ 
arises  from  the  increase  of  the  resistances  in  series  with  the  arc  fl 
due  to  heat.     A  resistance  drop  of  perhaps  otie  volt  occurs  in  the 
average  carbon,  possibly  two  vnlts  in  the  magnet  winding,  but   the 
larger  part  in  the  series  resistance.     When  the  lamp  has  becomer 
thoroughly  heated,  the  drop  may  have  increased  nearly  one  volt 
in  the  magnet,  and  several  volts  in  the  resistance,  unless  it  has 
been  made  of  material  having  a  low  temj^erature  coefficient.    If  the  m 
total  increase  in  drop  amounts  to  more  than  three  or  four  volts  V 
it  becomes  quite  noticeable  in  the  arc.     We  must  also  take  into 
consideration  the  fluctuation  of  line  voltage  suixrrimposed  on  the  fl 
resistance  variation,  which  may  be  anything  from  two  to  twelve  " 
volts  or  more.     If  the  lamp  is  perfectly  adjusted  to  maintain  con- 
stant current,  the  drop  in  the  resistance  being  the  same,  the  arc 
voltage  varies  exactly  with  the  line  voltage ;  if  out  of  adjustment, 
the  arc  voltage  is  still  more  unsteady. 

Cumulative  Effect  of  Disturbances,     The   several   disturbing  ■ 
factors  are  sometimes  cumulative,  and  tests  on  the  same  lamp  at 
different  hours  of  the  day,  with  varying  positions  of  the  armature, 
different    periods   of   the    run,    etc.,    often   show   an   astonishing 
variation. 

For  example,  take  the  following  data  for  a  lamp,  not  worse 
than  many  found  in  everyday  practice  :  — 


I 


Current  b,^landng  a  12"  carbon  in  a  given  position  of  armature 
u  •«  g"       u       t(   same  "        "         " 

**         with  a  given  carbon  when  mechanism  is  rising     .     .     . 


5'  amp.  ^ 
5  ampi  ■ 
hi  ampt  ^ 
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Current  with  a  given  carbcn  when  mechanism  is  falling 4  j  amp. 

«        balancing  a  given  carbon  (armature  ap) .     r>    amp. 

•  «  a  t,       ^         «      down) •''!  amp. 

Kesistance  (magnet  and  resistance  wire)  cold .0  ohms. 

••  hot 7  ohms. 

Mains  at  different  hours  var)'  from  117  to  112  votts. 

With  the  bmp  httt  after  the  first  few  hours  of  its  x\xx\,  armature 
low,  and  being  raised  against  friction  of  carbon  in  gas-cap,  etc.,  the 
current  and  voltage  will  be :  — 

Cturent  =:  6}  amp.  due  to  long  carbon  -|-  1  amp.  due  to  position  of  arma- 

tinre  -\-  1  ampere  due  to  friction 61  amperes 

Drop  in  resistarwie  hot  (7  X  61)   .     . 4.1J5  volts 

With  mains  at  112  volts,  we  have  arc  voltage  (112 — 43.75) 68.26  volts 

with  fil  amperes  of  current. 

With  lamp  cold,  started  after  140  hours  previous  burning, 
armature  high  and  descending,  the  other  e.xtremc  condition 
will  be  I  — 

Current  =  5  amp.  due  to  short  carbon  —  i  due  to  frictinn 4J  ampem 

nstance  (magnets  and  resistance  wire)  cold 0  ohms 

in  resistance  (<3  X  4i) 28i  volts 

With  mains  at  117  volts  arc  voltage  is  (117— 281) 881  volts 

with  W  amperes  of  current. 

This  lamp  might  vary  from  88|  volts  at  4^  amperes  to  68j 
volts  at  6  amperes,  without  considering  the  variation  introduced  by 
the  clutch  release  supporting  more  or  less  of  the  weight  uf  the 
moving  parts  at  the  feeding-point.  When  it  is  remembered  that 
the  same  lamps  with  the  same  adjustment  are  used  in  different 
parts  of  a  building  with  an  isolated  plant,  or  in  various  parts  of 
central-station  territory  where  the  extremes  of  voltages  at  different 
hours  are  much  larger  than  those  given  above,  and  the  lamps  them- 
selves worse,  it  is  not  surprising  that  some  lamps  are  unsteady, 
give  irregular  life,  and  show  blackened  bulbs.  High  arc  voltage 
produces  short  carbon  life  and  clean  bulbs,  low  voltage  vice  versa. 
High  current  tends  to  burn  the  dust  into  the  bulb,  deposits  uncon- 
sumed  carbon  on  it,  and  may  even  soften  it.  Poor  inckisure  at  gas- 
cap  edges,  center,  or  at  the  base  of  the  bulb,  reduces  the  life.  Tw 
perfect  inclosure  results  in  blackened  bulbs,  due  to  unconsumed 
carbon-  Gas-caps  often  vrarp  after  being  greatly  heated,  asbestos 
washers  for  bulbs  often  chip,  dashix>ts  stick,  etc.,  so  that  when 
difficulty  is  exi>erienced  in   the  operation    of  a  lamp   it  must  be 
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patiently  ferreted  out,  whether  due  to  the  lamp  construction,  the 
carelessness  of  the  trimmer,  or  the  fluctuations  of  the  circuit 
The  cur\es  below  illustrate  the  result  of  weeding  out  difficulties  in 
lamp  mechanism  one  by  one.  Fig.  ^'i^S^  shows  the  lamp  current, 
and  Fig.  290  the  line  voltage  of  a  poor  lamp  under  unfavorable 
conditions.  Fig.  291  is  current  for  the  same  lamp,  its  faults  cor- 
rected on  the  same  circuit,  the  voltage  card  being  the  same  as 
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ftg,  280.    Cttfnrtt  VarttttJom  fn  Bs^lv  Adjusted  Lamp. 

before  (Fig.  290).     As  modified,  it  shows  constant  current  under 
violently  fluctuating  line  voltage. 

Fn  net  ion  of  Dash-pots.  Air  dash-jxits  are  used  in  most  lamps 
to  overcome  the  tendency  of  the  moving  parts  to  overshoot  on 
account  of  their  inertia.  When  constructed  so  as  not  to  become 
corroded,  clogged  with  dust,  nor  warped  by  heat,  they  offer  very 
little  resistance  to  slow  motion,  but  cfifectually  check  the  too  rapid 
or  excessive  motion  due  to  inertia. 


1 


Fig.  2B0.     Varlabia  Vottaga  of  Suppit/  Circuit 


the  line  voltage,  the  higher  the  permissible  voltage  at  the  arc,  but 
■  only  within  narrow  limits.  High- voltage  arcs  tend  to  waver  and 
cut  out.  Roughly  sjieaking,  the  most  economical  line  voltage  for 
d.  c.  constant  potential  inclosed  lamps  is  about  105  volts. 
I  Constant  Potential  Aliernating  Inchsed  Arcs.  For  constant 
potential  alternating  circuits  the  inclosed  arc  has  come  into  exten- 
sive use,  with  a  voltage  of  70  to  73  at  the  arc  and  6  amperes. 
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Such  lamps  (Fig.  202),  are  similar  to  direct  current  lamps  except 
for  the  lamination  of  the  magnetic  parts,  the  use  of  an  adjustable 
reactance  coil  in  place  of  a  resistance,  and  the  cushioning  or 
spring  suspension  of  the  parts  that  vibrate  and  tend  to  produce 
humming.  The  reactance  coil  is  usually  adjustable  to  compensate  I 
for  secondary  voltages  between  I'lij  and  120,  and  cycles  from  60 
tu  140.     Since  the  lower  carbon  is  consumed  nearly  as  fast  as  the 
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Fig.  291.    Currant  la  Rtadjuaimd  Lamp. 


upper  one,  a.  r  ,  inclosed  arcs  are  provided  with  long  bulbs  to 
mit  of  a  lun^ir  lower  carbon  being  used.  As  already  mentioned, 
one  cored  and  one  solid  carbon  give  the  highest  voltage  arc  that 
will  be  stable.  The  upper  b  usually  9J  inches  long  for  a  six-inch 
lower,  this  difference  being  necessary  because  the  upper  carbon 
is  consumed  somewhat  faster,  and  because  it  must  project  from 
its  holder  down  through  the  gas-cap  far  enough  into  the  bulb  so 
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that  the  arc  wOi  not  be  sufficiently  near  the  gas<"ap  to  injure  it. 
The  life  beings  limited  by  the  len^4h  of  the  lower  carbon,  which, 
in  turn,  is  limited  by  the  length  uf  the  bulb,  these  lamps  burn 
only  80  to  lUO  huurs.     Of  625  apijarent  watts  a  good  lamp  cun- 


Fiq.  292.  Cartmn-feaii,  Csn- 
atant  Potential,  Atttrna- 
tittg  Currmnt  Lamp. 


fig,  293.    CteetriccU  Cimttta  fn 


Fig.  294.  Carbon-Fted.  Coit' 
atant  Direct  Curreitt, 
89r(t§  Lamp. 
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sumes  only  480  to  450  true  watts,  of  which  3*>  are  lost   in  the 
reactance  coil. 

Direct  Cunrttf  Inclosed  Arcs'  for  Scries  Circuits.  Inclosed 
arcs  for  d.  c.  series  circuits  are  either  shunt  or  differential  the 
same  as  open  arcs.     (Figs.  204,  and  295.}     They  are  used  on  cic- 


Fig.  295.    Ettciricai  ClrcultM  In  Hg.  2M, 

Strengths  by  shunting  more  or  less  current  through  a  smafl 
auxiliary  resistance,  and  like  open  arcs  are  usually  provided  with 
a  resistance  in  series  with  the  automatic  cut^nit.  When  the  cut- 
out operates,  it  short  circuits  the  lamp  terminals  through  this 
resistance,   thus    maintaining    sufficient    difference    of    potential 
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*the    magnets   to    enable    the   lamp   to   start    up   again    if 
ng  is  wrong  with  it. 

ulosed  Arcs  for  Scries  Alternating  Circuits.  Many  alter- 
5  stations  have  street-lighting  circuits,  most  of  which  have 
operated  by  series  direct  current 
ines  and  lamps,  thus  employing 
kinds  of  generating  machinery, 
s  circuits  are  particularly  adapted 
iely  scattered  lamps  outside  of  the 
ar  lighting  service,  on  account  of 
ow  cost  of  the   single-wire  series 

Furthermore,  it   is  usually  desir- 
to  have  the  street  lamps  on  one  or 

independent  circuits,  so  that  they 
be  lighted  or  extinguished  from 
tation.  By  using  the  series  alter- 
g-  arc  system  this  can  be  effected 
tut  separate  machinery.  It  con- 
of  the  lamp  circuit,  and  a  device 
icted  to  the  rcgidar  constant  po- 
d  alternating  mains,  which  will 
ain  a  constant  alternating  current 
t  independent  lines, 
'ne  method  is  to  use  a  transformer 
ly  described  (p.  171)  having  ex- 
^e  magnetic  leakage,  where l^y  the 
dary  is  made  to  deliver  constant 
nt.  Another  device  is  an  auto- 
ally  varying  reactance  coil  con- 
d  directly  to  the  primary  mains, 
I  adjusts  the  amount  of  self-induc- 
n    acc<jrdance   with    the  instanta- 

impedance  of  the  series  circuit  in 
degree  as  to  maintain  constant  current.  Such  devices  are 
rle  of  keeping  the  current  at  6  amperes,  within  one-tenth 
re  either  way.  Of  the  two,  the  varbble  self-intluction  has 
Jvantage  of  low  first  cost  and  repair,  small  space,  and  greater 
idty.     When  of  the  proper  size  for  the  number  of  lamps  to 


Fig.  296.     Carboif-Fetd,  Co»atant 
Alttrnatfng  Car  nut,  Saries  Lamp. 
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of  the  transformer,  and  it  permits  of  simple  adjustment  to  greater 
current  strength,  if  more  hght  is  demanded  by  the  municipals 
authorities.  It  has  the  disadvantage  of  connecting  the  primary 
mains  directly  to  an  external  circuit.  Fig,  135  shows  the  internal 
arrangements  of  a  100-)ight  General  Electric  series  transformer 
which  was  fully  described  on  page  172,  and  Fig.  298  the  appear- 
ance of  a  Manhattan  regulator. 
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fiff.  »7,    llm.irlcal  Citeuli*  In  Fig,  296. 

In  the  regulator  a  reactance  coil  in  series  with  the  lamps  isl 
balanced  against  a  weight  in  such  a  manner  that  it  incloses  morel 
or  less  of  the  central  leg  of  a  W-shaped  core.     When  the  current' 
rises,  the  coil  is  magnetically  drawn  in  by  the  core,  thus  increasing 
the  self-induction,  and  reducing  the  current  to  normal. 

Fig.    299  shows  the  mechanism  of  a  Manhattan  series  alter-, 
nating  lamp,  which  is  of  the  shunt  type.     The  cut-out  includes; 
small  magnet  in  its  circuit,  which  holds  the  cut-out  contact  close 
when  it  has  once  operated  after  the  carbons  are  consumed. 
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The  number  of  series  a.c.  lamps  permissible  on  a  circuit  with 
a  regulator  is  approximately  the  line  voltage  divided  by  80.  More 
than  this  tends  to  cause  simultaneous  jumping  of  all  the  lamps. 
In  either  system  the  watt  loss  in  the  regulating  device  is  only  the 
iron  loss  and  the  small  resistance  loss,  but  the  regulator  has  some- 
what less  than  the  transformer.  The  shunt  lamp  has  the  same 
voltage  at  the  arc  as  at  the  lamp  terminals,  while  the  differential 


I 
I 


fl^.  296.    Constant  Akernatiag  Currvni  Reguitttor. 

lamp  has  4  or  5  volts  less.  The  arc,  in  cither  case,  runs  at  about 
70  volts  with  iy\  amperes.  The  power  factor  of  an  entire  system 
of  regulator  and  lamps  may  be  as  high  as  88  per  cent. 

Light  Efficicficy,  The  luminous  efficiency  of  the  series  alter- 
nating lamp  is  considerably  lower  than  that  of  a  corresponding 
direct  current  series  ojx^n  arc,  and  half  of  the  light  would  be 
directed  upward  were  it  not  for  the  reflector,  which  may  send 
downward  again  nearly  90  per  cent  of  the  up-going  rays. 
Despite  its  lower  efficiency,  it  gives  satisfactory  and  high  apparent 
illumination,  since  the  pupil  of  the  eye  is  not  contracted  by  the 
lower  light  intensity  from  the  brge  surface  of  bulb  and  reflector. 
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Fig.  299,    Series  AfUrnaittig  CurrBnt  Lamp.        Ftg.  300.    Mounting  of  Hood  «pM  POI0. 


Street  Arc  Lamps  must    have    additional    features,    s'jch    as 
htKjds,  pulleys,  mast  arms,  suspension  hooks.  M 

Hoods  should  be  so  arranged  and  set  on  the  pole  tops  as  to 
cast  the  minimum  shadow.     (See  ¥\g.  300.) 

Where  a  lamp  is  suspended  it  is  well  to  have  some  arrange- 
ment which  cuts  out  the  lamp  when  lowered  to  trim. 

That  the  lamp  is  held  independent  of  lowering  rope,  and  hence — 
will  not  fall  if  rojie  should  be  broken,  is  a  \-aluable  feature  of  any^ 
arc  suspension.     (See  Fig.  301.)     These  pulley  susiDcnsions  hold 
the  lamp  when  raised,  and  release  it  when  about  to  be  lowered 
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Fig.  302. 


Fig.  303.    Hood  for  Suspenaion. 
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Projection  Apparatus Special  forms  of  arc  lamps  arc  iisci!  in 

electric  projection,  lanterns,  phutu-cnyravcrs'  lamps,  stage  projectors, 
locomotive  headlijij^hts,  etc.  The  life  of  the  carbtins  in  such  apjia- 
ratus  is  of  minor  importance,  and  they  arc  usually  of  the  oixrn-arc 
type.  The  carbons  are  generally  inclined  away  from  the  object  so 
that  the  maximum  rays  at  an  angle  of  about  45"^  (Fig.  307)  from 
the  axis  of  the  positive  carbon  will  be  directed  nearly  horizontally 
at  the   ptjint  to  be  illuminated.     Besides  being  tilted,  the  u\^T^t 


frequently  made  with  hand  (»r  clctck 
work  feed,  partly  l>ecausc  of  the  diffi- 
culty of  feeding  inclined  carbons  by 
gravity,  and  because  they  are  under 
the  care  of  an  oijcrator.  A  reflector 
with  a  polished  or  dead-white  surface 
is  placed  bchittd  the  arc. 

In  search-light  piojectors,  on  the  contrary,  the  arc  is  directed 
toward  the  reflector  and  away  from  the  object  to  lie  illuminated. 
This  is  done  in  order  that  all  the  emerging  rays  shall  be  ixiraUel* 
in  which  condition  iheir  intensity  is  theoretically  the  same  at  any 


Fig,  SOS.    Search  Lamp  with 
Mangin  Mirror. 
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distance  but  practically  nut,  owing  to  unavoidable  dispersion  due 
to  the  size  of  the  light-emitting  surface,  aberration  in  the  reflector, 
and  the  refraction  and  absorption  of  the  atmosphere.  With  the 
crater  turned  toward  the  front  of  the  search-light  all  of  its  rays 
that  did  not  strike  the  reflector  would  be  divergent  instead  of 
parallel.  In  search-lights  the  carbons  may  be  either  inclined  or 
horizontal,   in  which   latter  case  the    positive  is    in  front.      The 
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Ffff.  3Q9.    Search  Lamp. 


carbons  may  both  be  solid  if  of  high-grade  soft  carbon,  but 
frequently  the  positive  is  cored.  To  keep  the  arc  stationary  the 
carbons  must  either  be  fed  at  different  rates  of  speed,  or  may  be 
suitably  propfjrtioned,  the  positive  being  cored  and  larger  in 
diameter  than  the  negative.  Any  \'ariation  of  the  arc  from  the 
focal  position  may  be  corrected  by  hand,  using  the  colored-glass 
windows  provided  for  that  purpose.     The  feeding  mechanism  is 
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usually  motor-actuated  so  as  to  b€  positive.  At  the  sides  the  light 
is  surrounded  by  a  cylindrical  casing,  supporting  at  the  rear  a 
reflector  far  enough  away  not  to  be  damaged  by  the  heat  of  the  arc, 
These  reflectors,  in  cheap  search-lights  for  mining  and  contractor's 
work,  are  sometimes  made  of  silvered  copper,  but  are  preferably  of 
glass.  The  latter  are  made  in  two  styles,  aplanatic  and  parabolic. 
The  aplaoatic  or  Mangin  mirror  has  two  spherical  but  not  concen- 
tric surfaces,  as  shown  in  Fig.  308.     Owing  to  its  unequal  thick- 


Fig,  ^tH.    S€are/i  Lamp, 


ness  it  is  somewhat  more  liable  to  crack  than  the  jxirabolic. 
latter  is  a  truly  inrabulic  piece  of  silvered  glass  about  i  inch  to 
^  inch  thick  throughout.  The  front  of  the  search-light  is  closed  M 
4ly  plate-glass  strips  (Fig.  309)  instead  of  one  piece,  to  avoid 
breakage  by  heat,  and  to  allow  easy  renewal  of  a  broken  section- 
In  case  the  light  is  intended  to  cover  a  greater  area,  that  is  to 
diverge,  a  diverging  front  of  lens  strips,  usually  for  a  20"  diver- 
gence, may  be  swung  into  place  instead  of  the  plane  strips,  although 
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the  same  effect  may  be  produced  by  moving  the  arc  out  of  its 
correct  position.  Average  \'alues  for  the  current  in  search-light 
projectors  of  various  sizes  are  about :  — 


45  amperes  for  art  18-Inch  light 
80        "  "a  24     •' 

125        "  "    "  30     " 

160        "  "    "  3fl     "        " 

200        "  "    ♦'  48     " 


The  commercial  ratings  of  candle-flower  of  search-lights  are  mis- 
leading.    The  average  hght  intensity  of  the  beam  is  multiplied  by 


fig.   311,      PrttjeiOuv   iuntern. 

its  area  to  get  the  total  flux.  The  rated  candle-power  is  then 
obtained  by  dividing  this  figure  by  the  area  of  the  crater^  which 
■  gives  relatively  but  absurdly  high  values  to  the  candle-power. 
Thus,  supposini^  that  an  arc  with  a  mean  hemispherical  candle- 
power  of  10,000  were  combined  with  a  Mangin  reflector  two 
feet    distant,    the   average    illumination    on  the   mirror  would   be 

-jeyTf-  =  2^0^  candle-feet ;  and  if  we  neglect  small  losses,  this  wnll 
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be  the  intensity  of  the  beam.     To  multiply  this  value  by  the  ratio 

^^^^ — ^^ ,  gives  for  any  possible  values  of  the  numerator  and 
area  of  crater 

denominator  a  figure  much  greater  than  10,000,  the  true  candle- 
power  of  the  arc.  A  more  rational  method  would  be  the  product 
of  the  light  intensity  of  the  beam  in  candle-feet,  by  its  area. 

The  movements  of  the  beam  of  light  are  produced  indepen- 
dently of  the  arc  mechanism,  by  hand  or  by  distant  motor  control 
In  the  latter  instance  the  projector  may  be  provided  with  a  vertical 
wheel  and  chain  actuated  by  a  motor,  which  turns  the  barrel  around 
a  horizontal  axis,  as  well  as  with  a  motor-driven  revolving  base, 
to  swing  the  whole  lamp  in  either  direction.  These  motors  may 
be  operated  by  a  distant  controller,  and  the  lamp  suitably  fitted 
with  a  two-joint  receptable  for  the  lighting  cables  and  usually  a 
five-point  socket  for  the  motor  cables 
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CHAPTER    XVI, 

INTERIOR  ^P^IRING. 

The  laying  of  electrical  wires  does  not  appear  to  be  as  impor- 
tant from  the  engineering  point  of  view  as  the  constructiun  of 
overhead  and  underground  conductors ;  nevertheless,  an  additional 
and  most  important  consideration  is  involved,  this  being  the  fire 
hazard.  When  electric  lighting  was  first  introduced  this  difiliculty 
was  so  great,  being  naturally  magnified  by  prejudice  against  the 
new  methtxi  of  ilkimination,  that  insurance  and  niuniciiia!  fire 
department  authorities  were  often  strongly  opposed  to  the  intro- 
duction of  electrical  conductors  into  buildings.  But  improvements 
in  methtxls  of  construction  have  gradually  reduced  the  risk,  until 
now  insurance  companies  and   fire   departments  consider  electric 

■  lighting  less  dangerous  than  any  other  form  of  artificial  illumina- 
tion. This  is  undoubtedly  a  fact ;  but  electrical  wires  are  still 
the  cause  of  many  fires,  the  consequences  of  which  are  often  very 

P  serious.  Hence,  it  behooves  those  who  are  responsible  for  the 
installation  of  electrical  apparatus  and  conductors  inside  of  build- 
ings, to  exercise  the  greatest  possible  care.  This  is  the  more  neces- 
sary, in  view  of  the  conditions  under  which  electric  light  wiring 
must  be  installed  to  meet  the  varied  requirements.  In  a  large 
class  of  installations  no  small  amount  of  judgment,  ability,  and 
ingenuity  is  often  required  to  overcome  the  difficulties  met  with, 
to  adapt  the  material  at  hand  to  the  purposes,  or  to  devise  new 
methods  to  secure  unusual  restdts.  Slaughter  houses,  dye  houses, 
chemical  works,  bleacher ies,  and  breweries  offer  many  i>eculiar 
difficulties  to  proper  wiring. 

Before  the  actual  interior  wiring  can  be  of  use  it  must  be 
connectetl  with  the  service  wires,  and  this  necessitates  in  most 
cases  that  at  some  point  the  wires  enter  the  building.  In  order 
that  the  moisture  may  not  travel  along  the  wires  from  outside  to 
the  interior  installation,  there  is  at  the  service  entrance  a  drip  loop 
outside ;  and  the  hole  through  which  the  conductors  must  pass  is 
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Fig.  SJ2.    Orip  Tubt  a/id  Loop. 


bushed  with  a  drip  tube,  which  must  slant  up  towards  the  inside. 
(See  Fig.  312.)     The  wire  entering  these  tubes  should  have  solidfl 
___        ^  rubber   insulation,  at    least   /^    of  an 

inch  thick,  and  covered  with  a  sub- 
stantial braid.  The  space  between 
the  wires  as  they  enter  the  building 
should  be  at  least  one  foot,  and  ar- 
ranged so  that  no  cross  connection 
can  be  made  by  water.  The  wires 
should  never  come  in  contact  with  anything  but  their  insulators,^ 
Running  them  along  the  face  of  the  building  should  be  avoided,  " 
and  they  must  be  fastened  to  the  wall  near  the  entrance  tubes  by 
insulators  mounted  on  special  brackets  having  two  coats  of  water- 
proof paint  to  prevent  the  absorption  of  moisture. 

Automatic  cut-outs  such  as  circuit  breakers  or  fuses  should  be 
placed  on  each  of  all  service  wires  as  near  as  possible  tu  the  point 
where  they  enter  the  building,  on  inside  of  the  walls,  and  arranged 
to  cut  off  the  entire  current  from  the  building.  The  wires  theu^ 
run  to  the  service  switch,  which  should  be  capable  of  opening  ih&^ 
circuit  when  carrying  the  entire  current  of  the  building.  This  is 
a  knife  switch,  and  should  be  installed  so  that  the  handle  will  be 
up  when  the  circuit  is  closed,  so  that  gravity  will  tend  to  open  ihe^ 
switch,  rather  than  accidentally  to  close  it. 

With  alternating  systems  the  best  place  for  the  transformer 
on  the  pole  away   from   the   building.      The    transfonner,   whc 
placed  on  the  outside  wall  of  the  building,  must  be  hung  on  wel 
insulated  supports,  the  construction  being  as  shown  in  Fig.  31 J 
Where  it  is  impossible  to  exclude  it  from  the  building,  the  pre 
place  is  a  vault  or  room  with  brick  walls  containing  nothing  elsel 
but  transformers.     As  a  last  resort  it  may  be  put  in  a  p>art  of  the 
cellar  whe.-c  it  is  well  ventilated  and  dry,  being  carefully  insulated 
from  the  walls  and  the  ground. 

The  next  piece  of  apparatus  in  the  building  is  the  switch  board 
or  in  small  installations  the  distributing  panel  board.  Tliis  will 
carry  the  meters,  the  knife  switches  and  the  fuses  for  the  feeders. 
If  electric  power  is  to  be  used  besides  the  lighting  the  separation 
of  the  two  kinds  of  circuits  should  be  made  at  this  point. 

The  principal  methods  which  have  been,  or  now  are,  used  tai 
carry  the  wires  from  the   entrance  devices  to   the  lamps  are  as 
follows : 


(1)  Wires  inclosed  in  molding. 

(2)  Wires  carried  by  wooden  cleats.      (Obsolete.) 

(3)  Wires  carried  by  porcelain  cleats  or  knobs  in  open  work 

(4)  Wires  carried  by  porcelain  knobs  and  tubes  concealed. 

(5)  Wires  concealed  in  plaster.     {Obsolete.) 

(6)  Wires  concealed  in  tubes,  interior  conduits. 

(7)  Wires  laid  on  some  cornice,  wainscoting,  or  other  architectu- 
ral feature  adapted  to  the  purpose. 

(8)  Fished  wires.     (Not  desirable.) 
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Three  of  these  —  i.e.,  the  second,  fifth,  and  eighth  —  are  no 
longer  considered  good  practice,  in  fact  they  are  forbidden  by  the 
National  Electric  Code.  In  order,  however,  to  fully  appreciate 
the  difficulties  in  this  important  branch  of  electrical  engineering,  it, 
will  be  well  to  consider  all  of  the  above  methods  in  the  order] 
given. 

Wooden  Molding.  —  The  advantages  of  this  ctmstructio; 
simplicity,  cheapness,  and  accessibility.  It  is  particularly 
cable  to  buildings  in  which  no  provision  has  previously  been  made 
for  electrical  conductors,  the  wires  being  laid  after  the  building  is 
completed  At  first  this  was  the  general  condition,  and  a  very 
large  proportion  of  the  wiring  laid  during  the  early  history  of  elec- 
tric lighting  was  installed  in  this  way.  At  present  the  use 
electric  light  is  decided  upon,  or  at  least  contemplated,  before  th< 
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Fig.  314.    Frimarif  Cut-out. 


fig.  316.     Two-Ufire  tfoMing. 


building  is  erected,  and  the  plans  provide  specially  for  it.  In  such 
cases,  particularly  where  expense  is  not  a  prime  consitleration,  the 
use  of  the  so-called  "  interior  conduit,"  laid  in  the  w^lls,  is  the 
standard  practice  for  low  tension  (below  4f)0  volts  circuit).  For 
high-tension  wires,  the  only  approved  plan  is  to  carry  them  upon 
porcelain  knobs  or  cleats.  These  two  methods  will  be  consider 
later,  in  their  proper  order. 

Wooden  molding  usually  has  the  cross-section  represented  in 
Fig.  315,  consisting  of  a  strip  or    "backing,"'    in  which  are  cut 
grooves  corresponding  to  the  number  of  wires  to  be  laid,  only  cm 
conductor  being  placed  in  each  grt^ive.     The  backing  is  fasten 
to  the  wall  by  thin  wire  nails  or  brads,  being  made  continuou.s 
far  as  possible.     Angles  and  branches  are  formed  by  fitting  pieces" 
together,  as  indicated  in  Fig.   317.     The  wires  are  then  laid  in 
the  grooves,  being  also  preferably  continuous,  although  joints  are 
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Fig.  316.    Thr9«-wir9  Moldtng. 


allowed,  provided  they  are  securely  made  mechanically  by  splicing 
and  soldering,  and  provided  the  insulation  is  made  equal  to  that  of 
the  rest  of  the  wire  by  careful  wrapping  of  tape.  The  capping  is 
then  put  in  place,  and  fastened  by  small  tacks  or  brads.  Molding 
has  been  used  in  which  the  grtjuvcs  were  formed  in  the  capping 
without  any  backing.  This,  however,  is  bad  practice,  and  should 
not  be  adopted  even  where  the  wires  are  laid  against  a  wooden  wall 
or  ceiling. 

The  chief  disadvan-  W 

tages  of  wooden  molding 
are  the  facts  that  it  is 
not  sufficiently  impervi- 
ous to  moisture,  is  liable 
to  be  crushed  or  punc- 
tured mechanically,  and 
is  combustible.  These 
difficulties  are  overcome  as  far  as  possible  by  coating  the  molding, 
both  inside  and  out,  with  water-proof  paint,  <ir  by  impregnating  it 
with  moisture  rejxfllent.  It  is  alsu  recommended  that  only  hard- 
wood molding  be  used.  But  soft-wood  molding  is  often  laid  he- 
cause  it  follows  the  wall  line  better.  In  the  standard  forms,  the 
backing  is  at  least  three  eighths  of  an  inch  thick  under  the 
grooves,  and  one-lialf  an  inch  between  them.     The  capping  should 

set  in  one-sixteenth  of  an  inch,  or 
more,  into  Ihe  backing,  and  should  lap 
over  the  grooves  not  less  than  one- 
eighth  inch  on  each  side.  These  min- 
imum dimensions  are  represented  in 
Figs.  3ir>  and  31(5,  but  much  larger 
sizes  of  molding  are  used  for  heavier 
wires. 

Rats  gnawing  through  a  molding 
may  destroy  the  insulation  of  the  wire,  and  bring  the  copper  in 
contact  with  the  wood. 

Wires  for  use  in  molding  must  have  rubber  insulation,  at 
least  |f\  of  an  inch  thick  ;  and  as  the  size  <»f  the  wire  increases 
from  No.  14  to  No.  0000  the  thickness  of  the  rubber  changes 
to  ^\  inch. 

In  molding  where   one  of   the   wires  must   cross  over,   it   is 


fig.  317.    Right  Angle  JoM  in 
molding. 
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brought  out  through  the  capping  and  across  it,  so  that  a  certain 
thickness  of  wood  is  between  the  two  conductors. 

Wooden  Cleats.  —  These  may  be  looked  upon  as  a  discontinu- 
ous molding.  In  fact,  their  cross-section  is  practically  the  same. 
Their  use  is  rarely  to  be  tolerated  at  present,  cheapness  being  their 
only  recommendation.  Experience  has  shown  that  it  is  a  great 
mistake  to  attempt  extreme  economy  in  the  laying  of  electrical 
conductors,  The  serious  difficulties  which  arise  in  the  shape  uf 
damage  by  fire  and  interruption  of  service  are  far  more  expensive 
in  the  lon^  run  than  a  considerable  increase  in  first  cost. 

Wooden  cleats  hare  all  the  disadvantages  stated  for  wooden 
molding,  and  are  open  to  two  additional  objections.  One  of  these 
is  the  fact  that  the  wires  are  left  exposed  for  a  large  portion  of  fl 
their  length,  and  are  therefore  liable  to  be  injured  or  to  form  a 
short  circuit  or  ground  connection  by  coming  in  contact  with  each 
other  or  with  some  pipe,  nail,  or  other  conducting  body.  Wooden 
cleats  are  also  likely  to  have  small  splinters  projecting  from  them 
which  cut  through  the  insulation  of  the  wires,  and  have  been  found  ^ 
to  be  a  source  of  much  trouble,  | 

Porcelain  Knobs  or  Cleats.  —  In  open  work  various  forms  of 
these  devices  are  used.     (Figs.  318  to  321.)     This  construction 
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f/gjr.  318-321.    Poro*tatn  Knob*. 


seems  to  be  open  to  the  same  objection  as  the  use  of  wooden 
cleats^  the  wires  lieing  entirely  exposed  between  the  points  of 
support.  Nevertheless,  as  already  stated,  this  construction  is  prac- 
tically the   only  one  allowed  for  high-tension    circuits   (over   450 
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volts)  inside  of  buildings.  The  explanation  of  this  apparent  anom- 
aly is  found  in  the  fact  that  high-tension  circuits  are  very  carefully 
treated  when  brought  within  buildings.  For  example,  the  primary 
circuit  of  the  alternating  current  system  is  rarely  allowed  to  run 
more  than  a  few  feet  after  it  enters  a  building,  the  potential  being 
immediately  transformed  down  to  a  safe  value  of  about  100  or  200 
volts.  Even  in  such  cases  the  high-tension  wires  are  only  per- 
mitted in  the  cellar  or  other  portion  of  the  building  nut  generally 
used  ;  in  fact,  the  transformer  is  usually  placed  outside  of  the 
building  whercv'cr  possible.  The  scries  arc  lighting  circuits  which 
are  also  high  tension  (2000  to  6000  volts)  are  most  carefully  laid 
when  brought  into  buildings,  the  path  being  as  short  and  direct  as 
possible,  and  located  where  the  wires  are  not  likely  to  be  touched 
by  persons  or  to  come  in  contact  with  an3'thing  but  the  insulators. 
They  must  be  rigidly  supported  on  glass  f)r  porcelain  insula- 
tors, which  raise  the  wire  at  least  one  inch  from  the  surface  wired 
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«g«.  322-324.    Porv^teln  Ohat9. 

over,  and  must  be  kept  apart  at  least  four  inches  for  voltages  up 
to  750  and  at  least  eight  inches  for  voltages  over  750, 

Rigid  supporting  requires  under  ordinary  conditions,  where 
wiring  along  flat  surfaces,  supports  at  least  about  every  four  aiid 
one-half  feet.  If  the  wires  are  unusually  liable  to  be  disturbed, 
the  distance  between  sup|X)rts  should  be  shortened. 

Such  circuits  are  never  introduced  into  buildings  to  anything 
like  the  same  extent  as  low-tension  wires,  which  run  in  great  num- 
bers to  all  parts  of  most  m<xlern  structures.  The  porcelain  cleat 
is,  moreover,  free  from  the  splinters  which  constitute  a  serious 
objection  to  wtwden  cleats. 

Glass  insulators  may  be  used  instead  of  porcelain,  but  the  latter 
is  usually  to  be  preferred  because  it  is  stronger,  tougher,  and  less 
hygroscopic.  The  statement  is  often  made  that  '•  any  materLil 
which  is  non-conducting,  incombustible  and  non-absorptive  "  may 
be  used,  for  this  or  other  similar  purix>se.     In  point  of  fact,  porce- 
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lain  and  glass  are  practically  the  only  available  substances  whic 
fulfill  these  requirements  ;  but  if  any  other  equivalent  material 
be  found,  its  use  would  he  permitted. 

For  concealed  "■*  knob  and  tube''  work:  the  wires  are  run 
the  timbers  and  studding  by  means  of  porcelain  knobs,  and 
wires  tied  to  them  by  tie  wires  of  equal  insulation  to  the  main 

The  wires  are  carried  through  the  beams 
means  of  porcelain  tubes.     These  tul>es 
set  in  the  beams  by  forcing  into  auger-hi 
and  are  kept  in  place  by  the  friction  and 
IM/  -i-inii-i-m^gm     the  head   formed  on  one  end  of  the  tul 
SjV^VilBVBWPl     (Fig-  325.)     All  the  porcelain  devices  must 
%.  S55.  Fonttain  Tub9.      ]i^cep  the  Wire  one  inch  from  the   si 
wired  over,  and  the  wires  must  be  kept  ten  inches  apart, 
are  ]>referably  run  on  separate  beams.     They  must  be  stretched  i 
as  to  have  no  sag,  and  are  to  be  supported  every  four  feet,  or 
closer  when  necessary.     This  style  of  work  is  much  used  in 
try  houses,  where  an  installation  for  a  ten-rcM>m  house  costs  onl 
abrtut  forty  dollars, 

The   outlets  are  protected  by  a  canvas  jacket  called  circuU 
loom,  or  by  a  curved  i^>rcelain  tul^e,  or  even  one  of  the  beam  lul 
may  be  used  for  the  purpose. 

Afi//  eomtmctwn :  in  buildings  of  this  character  mains  of  Nc 
8  wire  or  over,  where  not  liable  t(»  be  disturbed^  may  be  separate 
4  ijiches,  and  run  from  timber  to  timber,  not  breaking  around,  ar 
may  be  supported  at  each  timber  only,  otherudse,  the  constructio 
in  Mg.  326  or  the  plan  of  running  through  the  timbers  in  Fig.  8l 
which  cut  also  shows  a  boring-tool  for  this  work.  Unless  sonK 
special  tool  is  used,  the  holes  will  not  be  in  line,  and  unsighllines 
as  well  as  waste  of  wire  is  the  cf>nsequence. 

Wires  in  Plaster Another  method  of  concealed  wiring  whic 

at  one  time  was  considered  to  be  an  ideal  one,  consisted  in  eml 
ding  the  conductors  in  the  plastering  of  the  walls  and  ceilings 
a  building.  This  method  could  be  adopted  either  during  the 
original  construction  of  the  building,  or  in  case  of  repairs  or  re- 
plasiering.  It  was  employed  in  many  fine  structures  where  the 
best  construction  was  desired,  regardless  of  the  expense ;  but  it 
was  soon  found  that  the  detrimental  effect  of  the  lime  in  t\ 
plaster  upon  the  insulating  material  rapidly  injured  or  destroyed  it 
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Furthermore,  the  changing  or  repairing  of  a  wire  was  rendered 

very  diificult,  necessitating  the  tearing  away  of  the  plastering,  the 

trouble   being  aggravated   by  the  fact  that  the  exact  location  of 


the  wire  was  hard  to  determine.  The  result  is  that  at  the  present 
time  the  National  Code  distinctly  states  "that  wires  must  not  be 
laid  [directly]  in  plaster,  cement,  or  similar  finish/' 


IlBterior  Conduits,  —  The  most  approved  method  of  low-tension 
ectrical  wiring  consists  in  providing  tubes,  usually  laid  in  the 
floors,  walls,  or  ceilings  of  a  building  while  it  is  being  erected,  in 


fig.  327.     WMng  through  Tfmbett. 
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the  same  general  manner  that  gas-pipes  are  put  in.  The  wire 
are  drawn  into  these  conduits  when  the  building  is  nearly 
pitted.  It  is  interesting  to  follow  the  development  of  this  stan 
dard  form  of  construction.  At  first  interior  conduits  consisted 
lubes  of  insulating  material,  that  is,  vegetable  fiber  impregnate 
with  resinous  matter.  Experience  showed  that  this  insulatir 
tube  was  likely  to  be  crushed  or  perforated  by  nails,  either  during 
the  construction  of  a  building  or  afterwards.  Hence  the  next  step 
was  to  protect  the  insulating  tube  with  a  thin  sheathing  of  bras 
giving  the  sf)-callcd  "  brass-armored  conduit."  Even  this  was  no 
found  to  be  an  adequate  protection  against  mechanical  injury! 
so  that  an  iron  or  steel  pipe,  about  equal  in  strength  to  an  ordvl 
nary  gas-pipe  of  the  same  diameter,  was  substituted  for  the  thin 
brass  sheathingj  producing  the  well  known  *'  iron-armored  con-j 
duit."  The  final  stage  of  the  development  was  reached  when 
the  National  Electrical  Code  of  1897  allowed  the  use  of  plain  iron 
or  steel  pipes  a^  conduits,  '*  provided  their  interior  surfaces  are 
smooth  and  free  from  burrs ;  pipe  to  be  galvanized,  or  the  interior^ 
surfaces  coated  or  enameled,  to  prevent  oxidation,  with  soraiS 
substance  which  will  not  soften,  so  as  to  become  sticky,  and  pre- 
vent wire  from  being  withdrawn  from  the  pipe."  This  evolution 
clearly  shows  that  the  object  of  such  a  conduit  is  to  facilitate  the, 
insertion  or  extraction  of  the  conductors,  to  protect  them  frou 
meclianical  injury,  and  as  far  as  possible  from  moisture,  Thes 
tubes  or  conduits  are  to  be  considered  merely  as  raceways, 
are  not  to  be  relied  upon  for  insulation  between  wire  and  wir 
or  between  the  wire  and  the  ground.  On  the  other  hand,  the 
presence  of  a  lining  of  insulating  material  is  undoubtedly  an 
advantage  in  most  c^ses,  and  it  would  probably  be  worth  the  e.xti 
expense  that  it  involves.  The  permission  of  the  National  Code 
to  use  plain  kon  or  steel  tubes  in  no  way  implies  that  they  ar 
better  than  insulated  conduits.  It  simply  means  that  the  general 
use  of  some  form  of  conduit  is  to  be  encouraged,  and  to  this  end 
restrictions  are  removed  as  far  as  possible.  fl 

The  various  styles  of  house  conduit,  such  as  brass-armored, 
paper-lined  tube,  etc.,  have  been  gradually  discarded ;  and  the 
standard  conduit  of  the  present  time  is  either  iron  pipe  with  an 
inner  insulating  lining,  or  iron  pipe  with  an  enamel  finish  ins 
and  out.     The  objection  to  rubber  compound  insulating  lining 
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«Sr.  ^28.    insulated  fr^n-armorwd  Conduit. 
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the  fact  that  if  the  i>ipe  is  subjected  to  any  heat,  owing  to  its 
being  in  a  hot  boiler-room  or  other  location  where  there  is  an 
unusually  high  temperature,  the  insulation  somewhat  deteriorates, 
and  renders  it  very  difficult  to  pull  out  old  wires  and  replace 
them  with  new  ones.  The  enamel  conduit  is  rapidly  growing  in 
favor,  owing  to  the  fact  that  it  forms  a  good  raceway  for  the 
wires,  and  it  is  not  subject  to  the  above-mentioned  disadiuntage 
of  the  insulated  conduit. 

EUctro-ducty  Arnwr-duct  and  Loricated  Pipe  ctmduits  are  iron 
pipes  with  the  inner  and  outer  surfaces  C(jvered  with  enamel, 
whose  service  is  to  render  the  conduit  rust-prouf,  as  rust  is  highly 
injurious  to  rubber,  which  is  the  insulation  used  on  wiring  in 
interif>r  conduits. 

There  are  many  ctjnduits  having  an  hisulated  lining,  such  as 
Armoritc  and  hon-arnwnd  conduit  (Fig.  3-8).  These  insulations 
are  of  paper,  wtMjd- 
flber  impregnated  with 
a  moisture  repellent, 
or  are  of  some  bitu- 
minous compound. 
There  is  also  a  form  of  conduit  which  is  lined  with  vitrified  clay  pipe. 

<*  Fished  Wiring."  —  In  order  to  avoid  the  unsightliness  of  ex- 
posed wiring,  various  methixls  of  concealed  wiring  have  been  in 
vogue.  The  obvious  plan  of  running  conductors  through  the 
spaces  in  walls,  floors,  etc.,  of  buildings,  has  been  followed  from 
the  first.  In  one  method  of  doing  this,  the  wire  is  pushed  or 
drawn  by  hooks  from  point  to  ])nint,  trusting  largely  to  chance. 
Hence  the  process  of  introducing  it  is  called  "fishing."  This  hap- 
hazard method  of  laying  wires  is  not  to  be  recommended,  since 
it  is  evident  that  the  wires  may  come  in  contact  with  nails,  steam 
and  gas  pipes,  sharp  edges  of  beams,  etc.,  which  might  cause 
serious  difficulties.  In  some  cases,  however,  it  may  be  the  only 
practicable  way  to  carry  a  coniluctor  from  one  point  to  another. 
In  this  case  the  attitude  of  insunince  authorities  on  the  matter 
may  best  be  shown  by  quoting  from  the  National  l^lectrical  Code, 
Rule  24,  C  and  S.  "Wires  must  not  be  fished  for  any  great  dis- 
tance, and  only  in  places  where  the  inspector  can  satisfy  himself 
that  the  rules  have  been  complied  with.  When  from  the  nature 
of  the  case  it  is  impossible  to  place  concealed  wiring  [in  conduits 
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or  in  the  regular  way]  on  non-combustible  insulating  supports  of 
glass  or  porcelain,  the  wires,  if  nrtt  exposed  to  moisture,  may  beJ 
fished  on  the  loop  system  if  incased  thrnughoul  in  approved  con-J 
tinuous  flexible   tubing  or  conduit."     The   method  of  ••  fishing  "  | 
wires  should  never  be  attempted  for  high-tension  conductors. 


flf,  330.    JttiNHhn  or  Outtet  Box  fQP  fIsxtM  CoiuiuU. 

Thi^  flexible  conduit  may  be  a  flexible  steel  tubing  comf 
of  convex  and  concave  steel  ribbons  wound  in  a  spiral  around  a 
mandrel  so  as  to  interlock.  Its  use  is  permitted  by  the  under- 
writers for  either  finished  or  new  houses.  This  tubing  is  not 
water-proof ;  and  some  difficulty  is  experiencetl  in  getting  the  wire 
through  it,  owing  to  the  fact  that  it  is  heavy,  and  sags  somewhat 

between  the  points  of  suji^ort. 
The  tubing  is  made  in  lengths 
of  lOO  feet,  and  is  intended^ 
tu  be  installed  without  joints™ 
lietween  outlets.  An  outlet 
box  and  portions  of  the  tube 
are  shown  in  Fig.  330,  and  an 
iron  clamp  for  turning  a  right 
angle  in  Fig.  331. 

Circular  !t)om,  or  can^ 

f„.33U    ffe.lbf.  Metamc  Con^.tt.  j^^^j.^^^     j^     ^     ^^.^ular      WOV 

fabric  treated  with  compound,  and  rolled  in  mica  dust  while  yet 
soft.  This  is  sometimes  used,  one  tube  for  each  wire,  in  finished 
houses  where  the  wires  are  fished. 

Wires  unprotected  and  fished  between  walls  are  not  allowed 
under  any  circumstances. 

Flexible  Iron-amwred  conductors  have  come   into  the  mailci 
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and  are  successfully  used  for  repair-work»  and  in  places  where 
the  conductors  are  exposed,  as  in  "drop  cords'*  for  example. 

Installation  of  Interior  Conduit All  conduits  should  be  con- 

tinuous  from  one  junction  box  to  another,  or  to  the  fixtures,  and 
the  conduit  tube  should  fit  properly  into  all  the  fittings,  else  the 
conductors  are  not  properly  protected,  and  water  is  much  more 
likely  to  enter  the  conduit.  The  entire  conduit  system  of  a  build- 
ing should  be  completely  installed,  and  the  mechanical  work  on  the 
building  finished  before  the  wires  are  drawn  in.  In  the  houses 
which  are  not  fire-proof,  tubing  is  generally  supported  from  the  un- 
derside of  the  fif>or  beams,  while  in  buildings  of  fire-proof  construc- 
tion they  run  on  top  of  floor  beams  and  under  the  finished  floor. 

The  tubing  of  houses  is  generally  put  up  as  soon  as  the  parti- 
tions have  been  erected  ;  and  when  the  tubing  and  outlet  boxes 
have  been  placed,  the  lathing  or  plastering  is  proceeded  with.  On 
the  completion  of  the  plastering*  the  wire  is  pulled  in,  and  switches, 
receptacles,  etc,  put  in  position. 

After  all  the  conductors  have  been  drawn  in  place,  the  outlets 
should  be  plugged  up  with  a  woud  or  fiber  ]>lug,  made  in  parts  to 
fit  around  the  wire,  and  the  outlet  painted  with  some  compound. 
The  aim  should  be  to  make  the  whole  system  air-tight  and  mois- 
ture-proof. 

The  final  test  is  then  made  to  see  that  there  are  no 
grounds  on  the  different  parts  of  the  wiring,  and  that  the  insula- 
tion resistance  is  sufficiently  high  to  conform  with  the  underwriters* 
requirements. 

The  metal  of  all  conduits  should  be  effectually  and  perma- 
nently grounded.  It  is  impossible  to  prevent  the  conduit  from 
being  partially  grounded,  and  hence  it  should  be  purposely  and 
completely  connected  with  the  earth. 

Conduit  Wiring.  —  Standard  rubber-covered  wire  should  be 
used,  because  there  is  always  the  possibility  of  dampness  getting 
into  the  conduit  ;  and  the  insulating  lining  of  the  conduit,  if  there 
is  one,  may  be  defective  in  places.  The  insulating  lining  of  all 
conduits  may  be  said  to  be  defective,  in  that  it  is  not  continuous, 
but  must  be  cut  at  each  of  the  couplings. 

Conduit  work  is  made  a  complete  system  by  the  use  of  outlets, 
junction  boxes,  and  panel  boxes  with  doors  and  locks,  thus  thor- 
oughly protecting  the  circuits  at  all  places. 
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There  are  two  types  of  outlet  box.     One  where  the  box  is  made ' 
for  a  given  position  and  number  of  outlets  {Fig.  332),  and  the 
other  where  the  number  of  outlets  to  the  box  is  variable.     In 


I 


F\f}.  332.     OutM  Box. 

latter  type  the  sides  are  made  in  such  a  manner  that  a  blow  of  a 
hammer    will  knock   out  a  disk    of    nietaJ    and    make   an    outlet.fl 
These  arc  cilled  Universal  boxes. 

Control.- — In  connection  with  the  systems  of  wiring  that  have 
been  explained,  there  is  the  system  of  control,  that  is  the  same 
for  all 

From  the  switch  lx>ard,  which  may,  according  to  the  size  and 
character  of  the  installation,  vary  from  a  combination  of  marble 
panels  to  an  asbestos-lined,  hardwood  box,  the  feeders  run  to  the 
channels  provided,  and  are  carried  to  the  various  parts  of  the  build-. 
ing.     As  a  aile  one  pair  of  feeders  for  each  floor  is  sufficient. 

Feeders  are  the  conductors  that  carry  the  main  currents  to  f 
the  branch  circuits  and  mains.  They  also  preserve  the  regulation 
by  bringing  various  points  of  the  installation  to  a  certain  predeter- 
mined potential.  The  feeders  must  Ix;  designed  to  carry  any  load 
that  may  be  legitimately  put  upon  them.  A  usual  method  of  ca 
culating  their  size  is  to  assume  the  load  to  be  80^  of  the  total 
lf>ad  that  can  be  brought  on  them,  and  then,  with  that  current, 
design  for  about  2*}^  loss  of  voltage.  This  figure  can  in  small 
plants,  due  to  the  short  lenc^th  of  the  runs,  be  reduced  to  1.5^ 

Each  feeder  will  run  directly  to  a  panel  board.     These  boards 
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vary  from  marbleized  sble  to  asbestos-covered  wood.  The  better 
kinds  are  inclosed  in  a  panel  box  lined  with  slate,  and  furnished  with 
a  door  and  a  lock.  Double-pole  *'  baby  "  knife  switches  and  fuses 
are  placed  on  the  panel  board.  The  space  between  the  lining  of  the 
box  and  the  panel  board  proper  is  known  as  the  "gutter."  The  con- 
duits of  the  \^rious  tap-circuits  enter  this  gutter,  and  the  wires 
are  protected  from  the  ends  of  the  conduit  by  bushings.  All  wires 
in  the  gutter  are  inclosed  in  flexible  tubes,  and  connections  arc  made 
on  the  panel-boards  by  means  of  the  switches  between  the  feeders 
and  the  various  pairs  of  mains  supplied  by  them. 

Mains  and  Taps. —  From  the  panel  board  the  mains  run  to  cut- 
out boxes ;  and  there  the  mains  branch  out  into  the  taps,  going  to 
the  outlets  and  supplying  the  lights.  These  circuits  are  designed 
for  a  1.5^/i  loss,  and  in  small  installations  may  be  brought  dtiwn 
to  1^,  This  gives  in  large  plants  with  long  runs  a  total  voltage 
loss  of  about  3.5^  and  for  smaller  plants  about  2.5J. 

The  lights  will  be  supported  on  a  fixture  or  a  drop  cord,  and 
will  usually  be  controlled  by  a  key  socket. 

From  this  it  will  be  seen  that  there  may  be  from  the  service  to 
the  lamp  the  following  succession  of  conductors  and  safety  devices : 

Service  connection,  service  wire,  double -pole  cut-out,  double-pole 
knife  switch,  trunk-line  to  switch  board,  double-pole  knife  switch, 
fuses  to  protect  the  feeder,  feeder  to  distributing  panel  box,  double- 
pole  baby  knife  switch,  fuse  to  protect  the  main,  main  to  the 
cut-out  bo.v,  plug  or  inclosed  fuse  to  protect  the  branch,  taps  to 
the  outlets  through  single-pole  snap  switch  to  control  light  or 
group  of  lights,  wire  to  the  fixture  or  rosette,  fi.Kture  wire  to  socket, 
key  switch  in  the  socket,  and  finally  the  lamp,  as  indicated  in 
Fig.  333, 

The  number  of  tap-circuits  will  be  determined  by  the  under- 
writers*  rule  that  no  group  of  Hghts  requiring  more  than  660  watts 
shall  depend  on  one  cut-out.  Fuses  and  cut-outs  must  not  be  con- 
cealed in  the  canopies  or  shells  of  fixtures. 

Another  rule  of  the  underwriters  requires  a  fuse  to  be  placed 
at  every  point  where  a  change  is  made  in  the  size  of  the  wire, 
unless  the  cut-out  in  the  larger  wire  will  protect  the  smaller.  It 
is  well,  therefore,  to  l^y  out  the  wiring  so  that  while  obeying 
this  rule  there  will  not  be  too  many  fuses  in  series  located  at 
different  points,  which  always  cause  delay  in  case  of  trouble. 
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warrant  the  use  of  circuit-breakers.     Fur   the  numerous  branch 
circuits  in  electric-lighting,  carrying  only  a  lew  amix,Tes  each,  it  is  ^ 
practically  necessar>'  to  adopt  fuses.     Furthermore,  it  is  a  fact  that  ^ 
I  he  use  of  fuses  of  standard  lengths  and  cross-sections  under  defi- 
nite conditions  will  give  unifurm  and  reliable  results.      Fonnerly  H 
the  length  of  the  fuse  wire  was  not  defined,  and  it  was  sometimes 
open  and  sometimes  inclosed  so  that  it  might  carry  much  m«ire 
current  In  one  case  than  in  another. 

The  principal  forms  are  link^  plug  and  i fu lose d  fuses.  A 
standard  t)'pc  of  link  fuse  block  made  of  |-K)rcelain  is  illustrated  in 
Fig.  334,  and  the  fuse  itself  in  Fig.  335.     These  are  suitable  for 


circuits  having  a  potential  not  exceeding  125  volts  across  one  ft 
link  and  a  maximum  capacity  of  To  ampei  es.  Larger  ami  heavier 
blocks  are  made  for  greater  capacities,  and  are  provided  with  mioi 
sheets  as  covers.  This  form  requires  the  use  of  a  screw-driver  in 
replacing  a  fuse,  and  this  in  unskilled  hands,  or  even  in  skilled 
ones,  may  by  accident  cause  a  shoit  circuit. 

In  Fig.  S36  is  shown  the  Edison  porcelain//;/^  cut-out.  These 
have  a  maximum  current  capacity  of  30  amperes  and  a  maximum  piv 
tential  of  125  volts  across  one  fuse.  The  fuse 
is  contained  in  a  screw  plug,  shown  in  Fig.  887. 
When  a  fuse  has  blowTi,  the  plug  is  unscrewed 
and  a  new  one  put  in  its  place.  This  is  a  very 
simple  and  safe  operation,  even  if  the  short  cir- 


i 
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cuit  Still  exists  when  the  new  plug 
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The  inclosed  fuse  represented  in  Fig.  i^38  possesses  the  same 
advantage  in  convenience  and  safety  of  renewal.     It  is  also  claimed 
to  be  more  definite  iii  its  action, 
since  the  conditions  are  more  nearly 
uniform   than  in  the  case  of  open 
or  partly  open  fuses.     Still  another 
advantage  is  the  fact   that  a  fuse 
closely    surrounded  .with  solid,   fi-      ^kt^      V 
brous,  or  powdered  materbl,  has  a 
greater  capacity  for  heat  than  if  it       r^ 
were  isolated.      Consequently  it  re- 
quires a  little  longer  time  to  reach  fig,  s^ii. 
the  fusing  point,  and  an  excess  of 

current  must  be  very  great  in  amount,  or  must  flow  for  an  apjireci- 
able  tune,  in  order  to  *'b!ow"  the  fuse,  A  current  tiiat  only  uk*- 
mentarily  exceeds  the  normal  will  not  injure  the  wires  or  ajiparatus, 

and  it  is  sim]>ly  a  nuisance  to  have  it 
open  the  circuit.  The  form  of  fuse 
i.^'^i^T^^  kS^^H  illustrated  in  Fig.  389  is  very  conven- 
iently replaced,  and  is  also  capable  of 
being  used  as  a  sort  of  switch  to  open 
and  close  the  various  circuits.  It  is  pro- 
vidcd  with  a  copi>er  blade  at  either  end, 
which  fits  into  clips  just  as  in  an  ordi- 
nary knife  switch.  A  similar  arrangement  is  shown  in  Fig.  340, 
the  fuses  being  carried  in  por- 
celain boxes  with  projecting 
blades  that  are  pressed  into  the 
clips  in  the  cut^jut  cabinet. 

Circuit-  Breakers,  ^  T  h  es  e 
devices  are  shown  and  described         I    /:    I'l*    '^^       *1 
in  Vol  L  Chapter  XXIL,  and  ^ 

belong  more  to  the  generating 
plant  and  switchboard  than  to 
interior  wiring.  Essentially 
they  are  switches  that  are  con- 
trolled by  an  electromagnetic 
device  so  as  to  open  automatic- 
ally when  the  current  exceeds  a  certain   limit.      They  are  much 
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Fi9.  341,    Automatic  CIrtuft-Breaker. 


more  accurate  in  this  respect  than  a  fuse,  and  can  be  adjusted  to 
act  at  any  given  current  within  a  considerable  range.  Their  accu- 
racy and  adjustability  are  inipi)rtant,  but  their  great  advantage  over 

the  fuse  is  the  facility  of  resetting 
them  compared  with  the  trouble  and 
delay  of  renewing  a  fuse.  The  fact 
that  a  circuit-breaker  flies  open  the 
instant  that  the  current  rises  above 
the  value  for  which  it  is  set,  may  be 
;i  doubtful  advantage.  This  might 
liappen  very  often  when  the  excess 
of  current  does  not  last  long  enough 
to  cause  any  harm,  as  explained  in 
connection  with  fuses  on  the  preced- 
ing page.  The  main  circuit-breaker 
may  open  at  the  same  time  as  one  in 
a  branch  circuit,  thus  shutting  off 
other  parts  of  the  system  needlessly. 
In  some  forms  the  so-called  time 
factor  is  purposely  introduced,  a  device  being  added  to  prevent 
action  unless  the  overload  is  of  a  certain  duration.  An  example 
of  circuit-breaker  illustrated  in  Fig.  341,  differs  from  most  types 
in  the  fact  that  the  arms  for  the  two  sides  of  the  circuit  are  in- 
dependent, 5(1  that  one  may  open  automatically  if  it  is  attempted 
to  close  the  other  while  a  short  circuit  still  remains. 

Switches.  —  The  general  facts  concerning  these  important  de- 
vices are  set  forth  in  Vol.  I.  Chapter  XXII.,  but  there  are  certain 
additional  points  to  be  noted  in  connect  inn  with  interior  wiring. 
The  rules  for  switches  as  laid  down  by  the  National  Electrical 
Code  will  be  found  on  pages  9,  10  and  23  of  the  Appendix  to  the 
present  volume.  Ordinarily  the  type  used  on  switchboards  is  the 
simple  lever  kftifi'-switck.  They  are  sometimes  made  in  the  quick- 
break  form  in  order  to  reduce  the  duration  and  therefore  the  burn- 
ing effect  c»f  the  arc  produced  on  opening  the  circuit.  It  is  a  fact, 
however,  that  switches  are  used  to  chse  the  main  circuits  or  those 
carrying  heavy  currents,  but  should  not  be  used  to  open  thera 
except  in  emergency.  In  starting  up  an  electrical  plant,  or  in 
closing  the  service  switch  of  an  installation,  the  switches  controlling 
the  various  circuits  may  be  closed  before  or  after   the   current  is 
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turned  on,  and  a  switch  may  be  left  open  if  no  energy  is  required 
in  the  corresponding  circuit.  In  case  of  overload,  a  circuit-breaker 
or  fuse  should  be  provided  in  each  main  or  branch  circuit  to  open 
it  when  the  current  exceeds  a  safe  value,  but  the  switch  itself 
when  carrying-  heavy  current  is  to  be  opened  only  as  a 
last  resort.  Under  ordinary  circumstances  the  lamps 
are  disconnected  in  comparatively  small  groups  by 
means  of  snap  switches,  one  of  which  is  shown  in  Fig. 
342.  In  fact,  the  current  allowed  in  each  branch  cir- 
cuit is  limited  by  the  insurance  rules,  being  a  maxi- 
mum of  660  watts  (equivalent  to  12  lamps  of  16  c.p, 
each  at  110  volts).  Even  in  a  theater  or  other  place  where  many 
lamps  are  turned  on  or  off  at  about  the  same  time,  it  is  customary 
to  control  them  in  groups,  each  having  a  sei>arate  switch.  If  the 
current  does  not  exceed  3  amperes  at  110  volts  a  siugle-pole 
switch  is  allowed,  but  for  currents  greater 
than  this  it  must  be  double-pole. 

Break-down  Switch.  A  building  having 
its  own  generating  plant  may  be  provided 
with  a  connection  to  the  street  circuit' of 
some  electric  lighting  company.  In  case 
of  accident  to,  or  repair  of,  the  isolated 
plant,  current  may  be  obtained  from  the 
central  station.  The  switch  which  enables 
this  to  be  done  is  called  a  "break-down  " 
switdi,  since  it  is  used  in  case  the  Icical 
machinery  is  broken  down.  It  is  usually 
of  the  double-throw  type  (Fig.  343)  ;  and 
since  street  circuits  are  often  three-wire 
systems,  and  isolated  generating  plants  are  operated  in  most  cases 
on  the  two-wire  planj  the  switch  is  generally  arranged  to  convert 
from  the  former  to  the  latter,  as  described  on  page  82. 

Multi-Control  Switches.  It  often  happens  that  it  is  desired  to 
light  or  extinguish  a  given  lamp  or  group  of  lamps  from  two  or 
more  different  points.  A  common  case  is  that  of  a  lamp  which 
may  be  turned  on  at  the  foot  of  a  staircase  and  turned  off  at  the 
top,  or  vice  versa.  This  may  be  accomplished  in  various  ways:  one 
plan  indicated  in  Fig.  344  requires  a  three-way  key  socket  at  the 
lamp,  a  three-way  switch  at  the  other  point  of  operation,  and  an 
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Fig.  346.    Pantt  Boanl. 

in  their  arrangement*  as  illustrated  in  Figs.  340,  845  and  346.  The 
two  or  the  three  main  conductors  are  represented  by  parallel  wires 
or  bars  of  metalj  from  which  the  branch  circuits  are  led  out 
through  switches  and  cul-out.s. 

Fixtures  and  Sockets.  — The  endless  variety  of  fixtures  used  for 
supporting  arc  and  incandescent  lamps  may  be  classed  as  furniture 
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or  ornament,  as  they  are  not  of  a  character  to  be  included  in  a 
technical  treatise  ;  the  only  technical  features  they  contain  being 
the  fixture  wiring  and  the  insulated  joint  interposed  between  the 
fixture  and  the  gas-pipe  to  which  it  may  be  attached.  The  sockets 
are  described  in  the  next  chapter,  on  Incandescent  Lamps.  In  a 
general  treatise  it  is  impossible  to  go  into  the  details  of  interior 
wiring,  as  they  depend  largely  upon  the  conditions  in  each  particu- 
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lar  case.  The  principles  involved  and  the  chief  elements  of  con- 
struction have  been  set  forth,  and  for  further  information  refer- 
ence may  be  made  to  the  National  Electrical  Code  printed  in  full 
in  the  Appendbc  and  to  the  following  publications :  — 

dishing,  H.  C,  Jr.,  Standard  Wiring  for  Incandescent  Light 
and  Power,  pp.  116,  N.  Y.,  1900. 

Kmmet,  W.  L.  R.,  Alternating  Current  Wiring  and  Distribu- 
tion, pp.  76,  N.  Y.,  1898. 

I^af,  H.  M.,  Interior  Wiring  of  Buildings ^  pp.  195.  London, 
1899  (gives  English  Practice). 
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NoU,  A.,  How  to  Wire  Buildings,  pp.  162,  N.  Y.,  1899. 

Pierce  and  Richardson,  National  Electric  Code  (Explanation  of), 
pp.  222,  N.  Y. 

Robb,  R.,  Electric   Wiring  pp.  183,  N.  Y.,  1896. 

A  series  of  articles  on  Interior  Wiring,  by  Charles  E.  Knox,  in 
the  American  Electrician,  N.  Y.,  1898  to  1900. 
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CHAPTER     XVII. 

XNC ANDES  CEIfT   LAMPS. 

An  incandescent  electric  lamp  is  one  in  which  light  is  pro- 
duced by  the  passage  through  a  solid  conductor  of  a  current 
sufficiently  strong  to  raise  it  to  a  temperature  of  incandescence. 
In  this  case  the  conductor  is  solid  and  continuous,  while  in  an 
arc  lamp,  the  other  important  type  described  in  Chapters  XIV.  and 
XV,,  light  is  produced  at  a  gap  in  the  circuit  across  which  the 
current  is  carried  by  the  heated  vapor  present.  The  ordinary  type 
of  incandescent  lamp,  enormous  numbers  of  which  are  now  used, 
consists  essentially  of  a  high  resistance  carbon  filament  hermet- 
ically sealed  in  a  nearly  i^erfect  I'acuum.  In  fact,  these  words  are 
substantially  the  same  as  the  patent  claims  of  Kdison,*  who  de- 
veloped the  incandescent  lamp  as  well  as  the  necessary  generator 
method  of  distributing  current  and  the  various  auxiliary  devices 
to  a  condition  of  commercial  success. 

Many  forms  of  incandescent  lam[j  have  been  devised  employ- 
ing filaments  composed  of  materials  other  than  carbon,  and  not 
requiring  a  vacuum  ;  but  these  are  special  types  that  will  be 
described  later.  The  present  chapter  is  confined  to  the  ordinary 
incandescent  lamp,  as  already  defined,  which  has  been  used  to 
the  practical  exclusion  of  any  other  form  since  the  introduction  of 
incandescent  lighting  in  1880. 

Materials  Used  for  Filaments.  ^  In  the  earlier  lamps  made 
by  Ediscm,  the  filaments  consisted  of  platinum  wire,  but  that  metal 
soon  Irist  its  strength,  even  at  normal  working  temperature  ;  and  if 
accidentally  raised  above  this  point  it  was  likely  to  be  melted. 
The  high  cost  of  platinum  is  also  a  serious  ttbjection  to  its  use 
for  this  purpose.  Consequently  Edison  soon  substituted  carbon 
for  platinum  in  his  lamps.    After  trying  many  materials,  carbonized 
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bamboo  was  adopted,  and  generally  used  in  the  Edison  lamps 
made  for  about  fifteen  years.  Other  manufacturers  employed 
thread,  thin  strips  of  cardboard^  or  some  special  compound  in 
place  of  bambuo.  In  practically  all  cases  some  organic  substance 
carbonized  by  heat  has  been  used. 

For  several  years  the  tendency  has  been  to  adopt  almost 
universally  the  so^:alled  "squirted  filaments."  They  are  usually 
made  by  dissolving  cotton  in  a  solution  of  zinc  chloride  producing^ 
a  viscous^  semi-transparent  liquid  in  which  the  appearance  and 
fibrous  character  of  the  cotton  are  entirely  lost.  This  gelatinous 
material  is  forced  or  squirted  through  a  small  hole,  and  received 
in  a  vessel  containing  alcohol,  which  causes'  it  to  set  and  harden 
sufficiently  to  be  handled  afterwards.  After  washing,  the  material, 
having  the  api>earance  and  consistency  of  cooked  vermicelli,  is 
wound  upon  a  large  drum  and  dried,  after  which  it  possesses- 
considerable  strength,  and  looks  much  like  a  cat-gut  string  such 
as  is  used  on  a  violin.  It  is  then  cut  into  lengths  suitable  for 
filaments,  and  carbonized  at  a  high  temperature. 

The  advantage  of  using  this  prtxluct  in  place  of  some  solid 
substance,  such  as  bamboo,  is  the  fact  that  it  is  perfectly  homo- 
geneous, and  can  be  made  readily  and  accurately  of  any  desired 
cross-section  or  length.  On  the  other  hand,  there  is  considerable 
diflficulty  in  eliminating  entirely  bubbles  of  air  from  the  viscous! 
solution  of  cotton.  If  they  are  present,  even  though  very  small, 
they  will  cause  a  flaw  in  the  filament  at  any  point  where  a  bubble 
may  happen  to  exist.  In  order  to  get  rid  of  them  the  solution  is 
fj!  cred  and  heated  under  a  vacuum.  To  avoid  the  presence  of 
impurities  :iiid  to  insure  a  perfectly  homogeneous  product  the  best 
q-iality  of  cotton  wool  should  be  used,  the  specially  high  grade 
cnr^l-^yed  by  surgeons  as  absorbent  cotton  being  adopted  by  the 
bes.  juanufacturers.  Great  skill  and  care  are  required  in  making 
the  mixture,  the  exact  density  and  temperature  of  the  zinc  chloride  ^ 
solution  as  well  as  the  proportion  of  cotton  dissolved  in  it  being  | 
matters  of  particular  importance.  The  formation  of  lumps  in  the 
jelly-like  mass  is  likely  to  occur,  and  should  be  prevented  by  con- 
stant stirring,  otherwise  the  resulting  filaments  will  not  be  of 
uniform  cross-section. 

Measuring  and  Sorting   the  Filaments,  —  After  being  carbon- 
filaments  are  carefully  measured  and  sorted  according  to 
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length  and  diameter  The  latter  is  reduced  very  greatly  by  the 
processes  of  drj'ing  and  carbonizing,  so  that  it  must  be  determined 
very  exactly  by  means  of  a  micrometer.  A  filament  made  from 
••squirted  "  cellulose  solution  is  somewhat  elliptical  in  cross-section 
owing  to  its  having  been  wounc!»  while  soft,  upon  the  drying-drum. 
For  this  reason  it  is  necessary  to  measure  both  maximum  and 
minimum  diameters  in  order  to  determine  its  true  cross-section. 
The  filaments  suitable  for  the  various  types  and  sizes  of  lamps  are 
thus  selected.  In  a  general  way  the  length  is  proportional  to  the 
voltage,  and  the  surface  is  proportional  to  the  candle-power  for 
which  the  lamp  is  intended. 

Flashing  or  Treating  the  Filaments The  object  of  this  pro- 
cess is  to  render  the  filaments  stronger  and  more  uniform.  For- 
merly, when  they  w*ere  made  from  bamboo,  thread,  and  similar 
materials,  the  filaments  obtained  were  far  from  uniform  throughout 
their  length.  The  present  forms  of  •* squirted"  filaments  are 
better  in  this  respect,  being  more  uniform  in  diameter  and  more 
homogeneous  ;  but  even  these  require  to  be  treated  after  being 
carbonized.  The  treatment  consists  in  raising  the  filament  to 
incandescence  by  passing  through  it  an  electric  current  in  an 
atmosphere  of  hydrocarbon  vapor  or  gas. 

The  high  temperature  of  the  filament  decomposes  the  hydro- 
carbon, and  causes  carbon  to  be  deposited  upon  it.  This  deposit 
occurs  over  the  entire  surface  of  the  filament,  but  is  greater  at 
any  point  where  the  electrical  resistance  may  be  abnormally  high, 
because  the  temperature  there  will  also  be  higher.  Hence  the 
tendency  is  to  produce  a  filament  of  uniform  resistance  throughout 
its  length.  In  the  same  way  the  .strength  is  made  more  uniform, 
because  any  part  thinner  or  weaker  than  the  rest  is  likely  to  have 
a  higher  electrical  resistance,  so  that  it  will  be  reinforced  by  receiv- 
ing a  heavier  deposit  of  carbon.  On  the  other  hand  the  defxisited 
carbon  is  graphitic  in  character,  and  has  a  lower  specific  resistance 
of  10  to  15  per  cent  that  of  the  original  filament,  which  is  undesir- 
able especially  for  high  voltage  lamps. 

The  filaments  are  treated  after  they  have  been  carlx>nized,  but 
before  they  have  been  mounted,  the  process  being  perf<'rmed  in  a 
jar  containing  hydrocarbon  vapor.  The  stopper  of  the  jar  carries 
metallic  holders  into  which  the  ends  of  a  filament  arc  inserted, 
the  latter  being  then   introduced  into  the  jar.     By  means  of  the 
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metallic  hoMers  which  serve  also  as  electrical  connections,  a  cur- 
rent is  caused  to  flow  through  the  filament  in  order  to  bring  it  to 
incandescence.  The  resulting  deposit  of  carbon  reduces  the  resist- 
ance until  a  certain  value  is  reached,  when  the  current  is  inter- 
rupted, and  the  filament  is  taken  out,  to  be  followed  by  another  and 
so  on.  The  proper  resistance  is  predetenriined  by  experience  orl 
calculation  for  each  type  of  lamp.  It  may  be  measured  during  the 
process  of  treatment  by  disconnecting  the  filament  from  the  cur- 
rent supply,  and  connecting  it  to  some  resistance  measuring  device, 
such  as  an  ohmmeter,  a  double-throw  switch  being  used  to  make 
the  change.  In  this  case  the  measurement  is  made  while  the  fila- 
ment is  cold,  and  it  is  generally  assumed  that  at  working  tempera- 
ture the  resistance  is  reduced  one-half.  It  is  also  an  easy  matter  to 
determine  the  resistance  when  the  filament  is  incandescent,  and  the 
carbon  is  being  deposited  upon  it.  By  measuring  the  voltage  across 
the  terminals  of  the  filament  and  the  current  flowing  in  it,  we  know 
from  Ohm's  law  that  ohms  —  volts  ^  amperes.  In  another  method 
the  filament  is  made  one  arm  of  a  Wheat  stone  bridge,  and  the 
other  three  resistances  are  so  adjusted  that  no  current  flows  in  the 
galvanometer  circuit  when  the  filament  reaches  the  proper  resist- ■ 
ance.  A  relay  put  in  place  of  the  galvanometer  will  release  its 
armature  at  that  moment,  and  may  be  arranged  to  stop  automati- 
cally the  current  through  the  filament.  The  increase  in  diameter 
resulting  from  the  deposit  of  carbon  is  about  10  per  cent,  but 
varies  in  different  sizes  and  makes  of  filament. 

Mounting  the  Filaments In  order  to  mount  the  filaments. 

that  is,  connect  them  to  the  **  leading-in  "  wires  {C C  in  Fig.  352), 
that  are  to  supply  them  with  current,  various  methods  have  been 
devised  and  used.  One  plan  consists  in  eiectroplating  a  sleeve  of 
copper  around  the  end  of  the  filament  and  of  the  wire,  thereby 
mechanically  binding  and  electrically  connecting  them  together. 
In  lamps  formerly  made  from  carbonized  cardboard,  the  ends  of 
the  filaments  were  enlarged  so  that  they  could  be  attached  to  the 
ends  of  the  wire  by  very  small  bolts.  Another  method  consists 
in  forming  a  socket  at  the  end  of  the  wire  into  which  the  end  <A 
the  filament  is  inserted,  and  held  in  place  by  squeezing  the 
socket  around  it.  These  means  of  connection  have  been  io 
most  cases  abandoned  for  the  simpler  and  cheafjcr  joint,  vea&R 
by  pasting  together  ihc  tit\d%  ul  iKe  6*  ^nd  wire,  tisiog  a 
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mixture  of  powdered  carbon  and  molasses,  or  other  similar  sticky 
material  Still  another  form  of  joint  is  made  by  heating  the 
junction  of  the  filament  and  the  wires  by  an  electric  current 
in  an  atmosphere  of  hydrocarbon  gas  or  under  a  hydrocarbon 
liquid.  In  this  way  a  deposit  of  solid  carbon  is  formed  around 
the  filament  and  wire,  which  binds  them  together.  The  deposit 
takes  place  more  rapidly  in  the  liquid,  but  the  latter  is  objection- 
able because  it  adheres  to  the  filament  and  wires.  This  so-called 
deposited  carbon  joint  is  a  very  good  one,  but  is  more  troublesome 
and  expensive  to  make  than  Xho.  pasted  joint. 

Platinum  **  Leading-In  "Wires. — To  insure  a  perfectly  air- 
tight seal  where  the  •'  leading- in  "  wires  pass  through  the  glass, 
they  are  made  of  platinum,  because  its  coefficient  of  expansion  by 
heat  agrees  with  that  of  the  glass  which  is  used.  If  the  two 
coefficients  of  expansion  differed  materially,  it  is  obvious  that  there 
would  be  a  tendency  either  to  crack  the  glass  or  to  let  in  air  when 
temperature  changes  occurred. 

Platinum  being  a  very  expensive  metal,  even  the  small  amount 
required  in  an  incandescent  lamp  is  a  considerable  item  in  the 
cost,  so  that  many  attempts  have  been  made  to  substitute  some 
cheaper  metal  or  alloy.  While  alloys  having  about  the  same 
coefficient  of  expansion  as  that  of  glass  can  be  made,  they  are 
open  to  the  objection  of  not  being  able  to  stand  the  high  tempera- 
Uxxre  of  melting  glass  or  the  action  of  the  blowpipe  flame  without 
melting  or  burning  while  being  sealed  in,  so  that  there  is  likely  to 
be  a  leak  owing  to  the  imperfect  fusing  of  the  glass  to  the  wire. 

In  order  to  economize  as  much  as  possible  in  the  cost  of  plati- 
'lum  for  each  lamp,  the  greater  portion  of  the  length  of  the 
leading-in  wires  is  composed  of  copper,  platinum  being  used  only 
where  the  wire  passes  through  the  glass.  For  example,  in  Fig. 
352,  the  longer  parts,  I)  C  of  the  leading-in  wires  are  of  copper, 
and  the  shorter  parts,  D  E,  are  of  platinum,  the  joints  between  the 
two  being  made  by  electrical  welding. 

Glass  Portions  of  Incandescent  Lamps.  —  The  several  steps  in 
their  manufacture  are  indicated  in  Figs.  347-353,  a  standard 
Edison  16  e.  p,  lamp  being  represented  on  a  half  scale.  To 
form  the  "inside  part,"  a  glass  tube  A  is  used,  being  first 
softened  by  heat  and  flared  out  at  one  end  B.  The  other  end  is 
then  softened,  the  leading-in  wires  C  £  introduced,  and  tl\<i  '^Vsi&X.vc 
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metallic  holders  which  serve  also  as  electrical  connections,  a  cWj 
rent  is  caused  to  flow  through  the  filament  in  order  to  bring  it  t 
incandescence.  The  resulting  deposit  of  carbon  reduces  the  resist- 
ance until  a  certain  vakie  is  reached,  when  the  current  is  inter- 
rupted, and  the  filament  is  taken  out,  to  be  followed  by  another  and 
so  on.  The  proper  resistance  is  predetermined  by  experience  or 
calculation  for  each  type  of  lamp.  It  may  be  measured  during  the 
process  of  treatment  by  disconnecting  the  filament  from  the  cur- 
rent supply,  and  connecting  it  to  some  resistance  measuring  derice, 
such  as  an  ohm  meter,  a  double-throw  switch  being  used  to  make 
the  change.  In  this  case  the  measurement  is  made  while  the  fila- 
ment is  cold,  and  it  is  generally  assumed  that  at  working  tempera- 
ture the  resistance  is  reduced  one-half.  It  is  also  an  easy  matter  to 
determine  the  resistance  when  the  filament  is  incandescent,  and  the 
carbon  is  being  dep<jsited  u^wn  it.  By  measuring  the  voltage  across 
the  terminals  uf  the  filament  and  the  current  flowing  in  it,  we  know 
from  Ohm's  law  that  ohms  =  volts  -^  amperes.  In  another  method 
the  filament  is  made  one  arm  of  a  Wheat  stone  bridge,  and  the 
other  three  resistances  are  so  adjusted  that  no  current  flows  in  the 
galvanometer  circuit  when  the  filament  reaches  the  proper  resist 
ance.  A  relay  put  in  place  of  the  gidvanometcr  will  release  its 
armature  at  that  moment,  and  may  be  arranged  to  stop  automati- 
cally the  current  through  the  filament.  The  increase  in  diameter 
resuhing  from  the  deposit  of  carbon  is  about  10  per  cent,  but 
varies  in  different  sizes  and  makes  of  filament. 

Mounting  the  Filaments.  —  In  order  to  mount  the  filaments* 
that  is,  connect  them  to  the  "  leading-in  "  wires  (C  C  xn  Fig.  352)» 
that  are  to  supply  them  with  current,  various  methods  have  been 
devised  and  used.  One  plan  consists  in  flecfroptafhi^  a  sleeve  of 
copper  around  the  end  of  the  filament  and  of  the  wire,  thereby- 
mechanically  binding  and  electrically  connecting  them  together. 
In  lamps  formerly  made  from  carbonized  cardboard,  the  ends  of 
the  filaments  were  enlarged  so  that  they  could  be  attached  to  the 
ends  of  the  wire  by  very  small  bolts.  Another  method  consists^ 
in  forming  a  socki't  at  the  end  of  the  wire  into  which  the  end 
the  filament  is  inserted,  and  held  in  place  by  squeezing  th 
socket  around  it.  These  means  of  connection  have  been  in 
most  cases  abandoned  for  the  simpler  and  cheaper  joint,  made 
by  pasting  together  the  a^d?.  of  the  filament  and  wire,  \vaag  a 
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mixture  of  powdered  carbon  and  molasses,  or  other  similar  sticky 
material  Still  another  form  of  joint  is  made  by  heating  the 
junction  of  the  filament  and  the  wires  by  an  electric  current 
in  an  atmosphere  of  hydrocarbon  gas  or  under  a  hydrocarbjn 
liquid.  In  this  way  a  deposit  of  solid  carbon  is  formed  around 
the  filament  and  wire,  which  binds  them  together.  The  deposit 
takes  place  more  rapidly  in  the  liquid,  but  the  latter  is  objection- 
able because  it  adheres  to  the  filament  and  wires.  This  so-called 
deposited  carbon  joint  is  a  very  good  one,  but  is  more  troublesome 
and  expensive  to  make  than  the  pasted  joint. 

Piatinmn  **  Leading-In  "Wires. — To  insure  a  perfectly  air- 
tight seal  where  the  "  leading-in  "  wires  pass  through  the  glass, 
they  are  made  of  platinum,  because  its  coefficient  of  expansion  by 
heat  agrees  with  that  of  the  glass  which  is  used.  If  the  two 
coefficients  of  exj>ansion  differed  materially,  it  is  obvious  that  there 
would  be  a  tendency  either  to  crack  the  glass  or  to  let  in  air  when 
tcmix.'rature  changes  occurred. 

Platinum  being  a  very  expensive  metal,  even  the  small  amount 
required  in  an  incandescent  lamp  is  a  considerable  item  in  the 
cost,  so  that  many  attempts  have  been  made  to  substitute  some 
cheaper  metal  or  alloy.  While  alloys  having  about  the  same 
coefiicient  of  expansion  as  that  of  glass  can  be  made,  they  are 
open  to  the  objection  of  not  being  able  to  stand  the  high  tempera- 
Xure  of  melting  glass  or  the  action  of  the  blowpipe  flame  without 
melting  or  burning  while  being  sealed  in,  so  that  there  is  likely  to 
be  a  leak  owing  to  the  imperfect  fusing  of  the  glass  to  the  wire. 

In  order  to  economize  as  much  as  pi>ssible  in  the  cost  of  plati- 
'lum  for  each  lamp,  the  greater  portion  of  the  length  of  the 
leading-in  wires  is  comp<jsed  of  copper,  platinum  being  used  only 
where  the  wire  passes  through  the  glass.  For  example,  in  Fig. 
352,  the  longer  parts,  D  Q  of  the  leading-in  wires  are  of  copper, 
and  the  shorter  parts,  D  It,  are  of  platinum,  the  joints  between  the 
two  being  made  by  electrical  welding. 

Glass  Portions  of  Incandescent  Lamps.  —  The  several  steps  in 
their  manufacture  are  indicated  in  Figs.  347-353,  a  standard 
Edison  16  c.  p.  lamp  being  represented  on  a  half  scale.  To 
form  the  "inside  part,*'  a  glass  tube  A  is  used,  being  first 
softened  by  heat  and  flared  out  at  one  end  B.  The  other  end  is 
then  softened,  the  leading-in  wires  C  £  introduced,  and  the  ijIb.'Sj^.vk. 
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metallic  holders  which  serve  also  as  electrical  conoections,  a  cur- 
rent is  caused  to  flow  through  the  filament  in  order  to  bring  it  ti 
incandescence.  The  resulting  deposit  of  carbon  reduces  the  resist- 
ance until  a  certain  value  is  reached,  when  the  current  is  inter- 
rupted, and  the  filament  is  taken  out,  to  be  followed  by  another  and 
so  on.  The  proper  resistance  is  predetermined  by  experience  or 
calculatiini  for  each  type  of  lamp.  It  may  be  measured  during  the 
process  of  treatment  by  disconnecting  the  filament  from  the  cur- 
rent supply,  and  connecting  it  to  some  resistance  measuring  devnc 
such  as  an  ohmmeter,  a  double-throw  switch  being  used  to  maki 
the  change.  In  this  case  the  measurement  is  made  while  the  fila- 
ment is  cold,  and  it  is  generally  assumed  that  at  working  tempera- 
ture the  resistance  is  reduced  one-half.  It  is  also  an  easy  matter  tofl 
determine  the  resistance  when  the  filament  is  incandescent,  and  the 
carbon  is  being  deposited  upon  it.  By  mea.suring  the  voltage  across 
the  terminals  of  the  filament  and  the  current  flowing  in  it,  we  know 
from  Ohm's  law  that  ohms  =  volts  -h  amperes.  In  another  method 
the  filament  is  made  one  arm  of  a  Wheatstone  bridge,  and  the 
other  three  resistances  are  so  adjusted  that  no  current  flows  in  the 
galvanometer  circuit  when  the  filament  reaches  the  proper  resist 
ance.  A  relay  put  in  place  of  the  galvanometer  will  release  its 
armature  at  that  moment,  and  may  be  arranged  to  stop  automati- 
cally the  current  through  the  filament.  The  increase  in  diameter 
resulting  from  the  deposit  of  carbon  is  about  10  per  cent,  but 
varies  in  different  sixes  and  makes  of  filament. 

Mounting  the  Filaments.  —  In  order  to  mount  the  filaments, 
that  is,  connect  them  to  the  •' leading-in  "  wires  {CCm  Fig.  852), 
that  are  to  supply  them  with  current,  various  methods  have  bcca 
devised  and  used.  One  plan  consists  in  eiectropiaiiug  a  sleeve  of 
copper  around  the  end  of  the  filament  and  of  the  wire,  thereby 
mechanically  binding  and  electrically  connecting  them  together. 
In  lamps  formerly  made  from  carbonized  cardboard,  the  ends  n 
the  filaments  were  enlarged  so  that  they  could  be  attached  to  the 
ends  of  the  wire  by  very  small  bolts.  Another  methotl  consist 
in  forming  a  socket  at  the  end  of  the  wire  into  which  the  end  of 
the  filament  is  inserted,  and  held  in  place  by  squeezing  the 
socket  around  it.  These  means  of  connection  have  been  in 
most  cases  abandoned  for  the  simpler  and  cheaper  joint,  roacfe 
by  pasting  togelViet  \\\e  twd-&  v^t  the  filament  and  wire,  using  i 
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rmxturc  of  powdered  carbon  and  molasses,  or  other  similar  sticky 
material.  Still  another  form  of  joint  is  made  by  heating  the 
junction  of  the  filament  and  the  wires  by  an  electric  current 
in  an  atmosphere  of  hydrocarbon  gas  or  under  a  hydrocarbon 
liquid.  In  this  way  a  dcix»sit  of  solid  carbon  is  formed  around 
the  filament  and  wire,  which  binds  them  together.  The  deposit 
takes  place  more  rapidly  in  the  liquid,  but  the  latter  is  objection- 
able because  it  adheres  to  the  filament  and  wires.  This  so-called 
deposited  carbon  joint  is  a  very  good  one,  but  is  more  troublesome 
and  expensive  to  make  than  ih^ past td Joint, 

Platinum  ^*  Leading-ln  "  Wires. — To  insure  a  perfectly  air- 
tight seal  where  the  **  leading-in  "  wires  pass  ihrougiy  the  glass, 
they  are  made  of  platinum,  because  its  cocfficieiit  of  expansion  by 
heat  agrees  with  that  of  the  glass  which  is  used.  If  the  two 
coefficients  of  expansion  differed  materially,  it  is  obvious  that  there 
would  be  a  tendency  either  to  crack  the  glass  or  to  let  in  air  when 
temperature  changes  occurred. 

Platinum  being  a  very  expensive  metal,  even  the  small  amount 
fcquired  in  an  incandescent  lamp  is  a  ct.insiderable  item  in  the 
cost,  so  that  many  attempts  have  been  made  to  substitute  some 
cheaper  metal  or  alloy.  WTiile  alloys  haxing  about  the  same 
coefficient  of  expansion  as  that  of  glass  can  be  made,  they  are 
open  to  the  objection  of  not  being  able  to  stand  the  high  tempera- 
;;ure  of  melting  glass  or  the  action  of  the  blowpipe  flame  without 
melting  or  burning  while  being  sealed  in,  so  that  there  is  likely  to 
be  a  leak  owing  to  the  imperfect  fusing  of  the  glass  to  the  wire. 

In  order  to  economize  as  much  as  possible  in  the  cost  of  plati- 
num for  each  lamp,  the  greater  portion  of  the  length  of  the 
leading-in  wires  is  comixxsed  of  copper,  platinum  being  used  only 
where  the  wire  passes  through  the  glass.  For  example,  in  Fig. 
352,  the  longer  parts,  /?  C,  of  the  leading-in  wires  are  of  copper, 
and  the  shorter  parts,  D  /:,  are  of  platinum,  the  joints  between  the 
two  being  made  by  electrical  welding. 

Glass  Portions  of  Incandescent  Lamps*  —  The  several  steps  in 
their  manufacture  are  indicated  in  Figs.  347-353,  a  standard 
Edison  16  e.  p.  lamp  being  represented  on  a  half  scale,  To 
form  the  "inside  part,"  a  glass  tube  A  is  used,  being  first 
softened  by  heat  and  flared  out  at  one  end  B.  The  other  end  is 
then  softened,  the  leading-in  wires  C  E  introduced,  and  the  ijlastlc 
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metallic  holders  which  serve  also  as  electrical  connections,  a  cur- 
rent is  caused  to  flow  through  the  filament  in  order  to  bring  it  lo 
incandescence.  The  resulting  deposit  of  carbon  reduces  the  resist- 
ance until  a  certain  value  is  reached,  when  the  current  is  inter- 
rupted, and  the  filament  is  taken  out,  to  be  followed  by  another  and 
so  on.  The  proper  resistance  is  predetermined  by  experience  or 
calculation  for  each  type  of  lamp.  It  may  be  measured  during  the 
process  of  treatment  by  disconnecting  the  filament  from  the  cur- 
rent supply^  and  connecting  it  to  some  resistance  measuring  device, 
such  as  an  ohmmeter,  a  double-throw  switch  being  used  to  make 
the  change.  In  this  case  the  measurement  is  made  while  the  fila- 
ment is  cold,  and  it  is  generally  assumed  that  at  working  tempera- 
ture the  resistance  is  reduced  one-half.  It  is  also  an  easy  matter  to 
determine  the  resistance  when  the  filament  is  incandescent,  and  the 
carbon  is  being  dejMsited  upon  it.  By  measuring  the  voltage  across 
the  terminals  of  the  filament  and  the  current  flowing  in  it,  weknoi 
from  Ohm's  law  that  ohms  =  volts  -^  amperes.  In  another  method 
the  filament  is  made  one  arm  of  a  Wheat  stone  bridge,  and  the 
other  three  resistances  are  so  adjusted  that  no  current  flows  in  the 
galvanometer  circuit  when  the  filament  reaches  the  proper  resist- 
ance. A  relay  put  in  place  of  the  galvanometer  will  release  it$| 
armature  at  that  moment,  and  may  be  arranged  to  stop  automati- 
cally the  current  through  the  filament.  The  increase  in  diamctex 
resulting  from  the  deposit  of  carbon  is  about  10  per  cent,  but 
varies  in  different  sizes  and  makes  of  filament. 

Mounting  the  Filaments In  order  to  mount  the  filaments,. 

that  is,  connect  them  to  the  *"  leading-in  "  wires  {CC'm  Fig.  352' 
that  are  to  supply  them  with  current,  various  methods  have 
devised  and  used.     One  plan  consists  in  eiccttoplating  a  sleeve 
copper  around  the  end  of  the  filament  and  of  the  wire,  there! 
mechanically  binding   and  electrically  connecting  them  togeth 
In  lamps  formerly  made  from   carbonized  cardboard,  the  ends 
the  filaments  were  enlarged  so  that  they  could  be  attached  to  t 
ends  of  the  wire  by  very  small  bolts.     Another  methtKl  consist 
in  forming  a  socket  at  the  end  of  the  wire  into  which  the  end 
the    filament    is   inserted,   and    held   in   place   by   squeezing  t' 
socket    around    it.     These    means    of    connection    have   been 
most  cases  abandoned  for  the  simpler  and   cheaper   joint,  made'] 
by  pasting  togel\\eT  l\ie  ei\<is>  kL  \A\e  filament  and  wire,  iwiog  i 
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mixture  of  powdered  carbon  and  molasses,  or  other  similar  sticky 
material.  Still  another  form  of  joint  is  made  by  heating  the 
junction  of  the  filament  and  the  wires  by  an  electric  current 
in  an  atmosphere  of  hydrocarbon  gas  or  under  a  hydrocarbon 
liquid.  In  this  way  a  deposit  of  solid  carbon  is  formed  around 
the  filament  and  wire,  which  binds  them  together.  The  deposit 
takes  place  more  rapidly  in  the  liquid,  but  the  latter  is  objection- 
able because  it  adheres  to  the  filament  and  wires.  This  so-called 
deposited  carbon  joint  is  a  very  good  one,  but  is  more  troublesome 
and  expensive  to  make  than  Xh^  pasted jinnt. 

Platinum  "^  Leading-in  ''Wires.  —  To  insure  a  perfectly  air- 
tight seal  where  the  '•  leading-in "  wires  pass  through  the  glass, 
they  are  made  of  platinum,  because  its  coefficient  of  expansion  by 
heat  agrees  with  that  of  the  glass  which  is  used.  If  the  two 
coefficients  of  expansion  differed  materially,  it  is  obvious  that  there 
would  be  a  tendency  either  to  crack  the  glass  or  to  let  in  air  when 
temperature  changes  occurred. 

Platinum  being  a  very  expensive  metal,  even  the  small  amount 
required  in  an  incandescent  lamp  is  a  considerable  item  in  the 
cost,  so  that  many  attempts  have  been  made  to  substitute  some 
cheaper  metal  or  alloy.  WTiile  alloys  having  about  the  same 
coefficient  of  expansion  as  that  of  glass  can  be  made,  they  are 
open  to  the  objection  of  not  being  able  to  stand  the  high  tempera- 
i^ure  of  melting  glass  or  the  action  of  the  blowpipe  flame  without 
melting  or  burning  while  being  sealed  in,  so  that  there  is  likely  to 
be  a  leak  owing  to  the  imperfect  fusing  of  the  glass  to  the  wire. 

In  order  to  economize  as  much  as  possible  in  the  cost  of  plati- 
'lum  for  each  lamp,  the  greater  portion  of  the  length  of  the 
leading-in  wires  is  composed  of  copper,  platinum  being  used  only 
where  the  wire  passes  through  the  glass.  For  example,  in  Fig. 
352,  the  longer  parts,  D  C,  of  the  Icading-in  wires  are  of  copper, 
and  the  shorter  parts,  £>  E,  are  of  platinum,  the  joints  between  the 
two  being  made  by  electrical  welding. 

Glass  Portions  of  Incandescent  lamps.  —  The  several  steps  in 
their  manufacture  are  indicated  in  Figs.  347-353,  a  standard 
Edison  16  e.  p.  lamp  being  represented  on  a  half  scale.  To 
form  the  "  inside  part,"  a  glass  tube  A  is  used,  being  first 
softened  by  heat  and  flared  out  at  one  end  B.  The  other  end  is 
then  softened,  the  leading-in  wires  C  E  introduced,  and  the  ^la&tvc 
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metallic  holders  which  serve  also  as  electrical   connections, 
rent  is  caused  to  flow  through  the  filament  in  order  to  bring  it  to 
incandescence.    The  resulting  deposit  of  carbon  reduces  the  resist^ 
ance  until  a  certain  value  is  reached,  when  the  current  is  inter-™ 
rupted,  and  the  filament  is  taken  out,  to  be  followed  by  another  and 
so  on.     The  proper  resistance  is  predetermined  by  experience  or 
calculation  for  each  type  of  lamp.     It  may  be  measured  during  the 
process  of  treatment  by  disconnecting  the  filament  from  the  cur- 
rent supply,  and  connecting  it  to  some  resistance  measuring  device, 
such  as  an  ohmmeter,  a  double-throw  switch  being  used  to  makfifl 
the  change.     In  this  case  the  measurement  is  made  while  the  fila- 
ment is  cold,  and  it  is  generally  assumed  that  at  working  tempera- 
lure  the  resistance  is  reduced  one-half.     It  is  also  an  easy  matter  to 
determine  the  resistance  when  the  filament  is  incandescent,  and  the 
carbon  is  being  deposited  upon  it.     By  measuring  the  voltage  across  _ 
the  terminals  of  the  filament  and  the  current  flowing  in  it,  we  know'^ 
from  Ohm's  law  that  ohms  =  volts  -s-  amperes.    In  another  method 
the  filament  is    made  one  arm  of  a  Wheat  stone   bridge,  and  the 
other  three  resistances  are  so  adjusted  that  no  current  flows  in  the 
galvanometer  circuit  when  the  filament  reaches  the  proper  resist-] 
ance.     A  relay  put  in  place  of  the  galvanometer  will   release  i 
armature  at  that   moment,  and  may  be  arranged  to  stop  automati-! 
cally  the  current  through  the  filament.     The  increase  in  diameter' 
resulting  from   the  deposit  of  carbon  is  about  10  per  cent,  but 
varies  in  dilTcrent  sizes  and  makes  of  filament. 

Mounting  the  Filaments.  —  In  order  to  mount  the  filaments^ 
that  is,  connect  them  to  the  **  leading-in  "  wires  {CCm  Fig.  Zht 
that  are  to  supply  them  with  current,  various  methcKls  have 
devised  and  used.     One  plan  consists  in  ciectroplatittg  a  sleeve 
copper  around  the  end  of  the  filament  and  of  the  wire,  therel 
mechanically  binding   and  electrically  connecting  them  together. 
In  lamps  formerly  made  from   carbonized  cardboard,  the  ends 
the  filaments  were  enlarged  so  that  they  could  be  attached  to  th 
ends  of  the  wire  by  very  small  bolts.     Another  method  cnnsi 
in  forming  a  socket  at  the  end  of  the  wire  into  which  the  end 
the   filament    is   inserted,  and    held   in   place   by   squeezing  ih' 
socket    around   it.     These   means   of    connection    have   been  'VBk\ 
most  cases  abandoned  for  the  simpler   and    cheaper   joint, 
by  pasting  togelViet  IW  exvCks  q1  the  filament  and  wire,  \isij^  »' 
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mLxturc  of  powdered  carbon  and  molasses,  or  other  similar  sticky 
material.  Still  another  form  of  joint  is  made  by  heating  the 
jmiction  of  the  filament  and  the  wires  by  an  electric  current 
in  an  atmosphere  of  hydrocarbon  gas  or  under  a  hydrocarbon 
liquid.  In  this  way  a  deposit  of  solid  carbon  is  formed  around 
the  filament  and  wire,  which  binds  them  together.  The  deposit 
takes  place  more  rapidly  in  the  liquid,  but  the  latter  is  objection- 
able because  it  adheres  to  the  filament  and  wires.  This  so-called 
deposited  carbon  joint  is  a  very  good  one,  but  is  more  troublesome 
and  expensive  to  make  than  Xh^  fasted  joint, 

Piaiinum  ^^  Leading- In  *' Wires. — To  msure  a  perfectly  air- 
tight seal  where  the  **  leading-in  "  wires  pass  through  the  glass, 
they  are  made  of  platinum,  because  its  coefficient  of  expansion  by 
heat  agrees  with  that  of  the  glass  which  is  used.  If  the  two 
coefficients  of  expansion  differed  materially,  it  is  obvious  that  there 
would  be  a  tendency  either  to  crack  the  glass  or  to  let  in  air  when 
temperature  changes  occurred. 

Platinum  being  a  very  expensive  metal,  even  the  small  amount 
required  in  an  incandescent  lamp  is  a  considerable  item  in  the 
cost,  so  that  many  attempts  have  been  made  to  substitute  some 
cheaper  metal  or  alloy.  Wliile  allo)'s  having  about  the  same 
coefficient  of  expansion  as  that  of  glass  can  be  made,  they  are 
open  to  the  objection  cjf  not  being  able  to  stand  the  high  tempera- 
;;ure  of  melting  glass  or  the  action  of  the  blowpipe  flame  without 
melting  or  burning  while  being  sealed  in,  so  that  there  is  likely  to 
be  a  leak  owing  to  the  imperfect  fusing  of  the  glass  to  the  wire. 

In  order  to  economize  as  much  as  possible  in  the  cost  of  plati- 
»ium  for  each  lamp,  the  greater  portion  of  the  length  of  the 
leading-in  wires  is  comi^jsed  of  copper^  platinum  being  used  only 
where  the  wire  passes  through  the  glass.  For  example,  in  Fig. 
352,  the  longer  parts,  D  C,  of  the  leading-in  wires  are  of  copper, 
and  the  shorter  parts,  D  Ts,  are  of  platinum,  the  joints  l^etween  the 
two  being  made  by  electrical  weldiiig. 

Glass  Portions  of  Incandescent  Lamps.  —  The  several  steps  in 
their  manufacture  are  indicated  in  Figs.  S47-35S,  a  standard 
Edison  16  r,  /,  lamp  being  represented  on  a  half  scale.  To 
form  the  "inside  part,"  a  glass  tube  A  is  used,  being  first 
softened  by  heat  and  flared  out  at  one  end  B.  The  other  end  is 
then  softened,  the  leading-in  wires  C  E  introduced,  and  the  plastic 
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metallic  holders  which  serve  also  as  electrical  connections,  a  cur- 
rent is  caused  to  flow  through  the  filament  in  order  to  bring  it  t 
incandescence.  The  resulting  deposit  of  carbon  reduces  the  resist 
ance  until  a  certain  value  is  reached,  when  the  current  is  inter- 
rupted, and  the  filament  is  taken  out,  to  be  followed  by  another  and 
so  on.  The  proper  resistance  is  predetermined  by  experience 
calculation  for  each  type  of  lamp.  It  may  be  measured  during  the 
process  of  treatment  by  disconnecting  the  filament  from  the  cur-^ 
rent  supply,  and  connecting  it  to  some  resistance  measuring  dexicCr^ 
such  as  an  ohmmetcr,  a  double-throw  switch  being  used  to  make 
the  change.  In  this  case  the  measurement  is  made  while  the  fila- ™ 
ment  is  cold,  and  it  is  generally  assumed  that  at  working  tempera- B 
ture  the  resistance  is  reduced  one-half.  It  is  also  an  easy  matter  to 
determine  the  resistance  when  the  filament  is  incandescent,  and  the 
carbon  is  being  deposited  uix>n  it.  By  measuring  the  voltage  across 
the  terminals  of  the  filament  and  the  current  flowing  in  it,  we  know 
from  Ohm's  law  that  ohms  =  volts  -5-  amperes.  In  another  method 
the  filament  is  made  one  arm  of  a  Wheatstone  bridge,  and  the 
other  three  resistances  are  so  adjusted  that  no  current  flows  in  the 
galvanometer  circuit  when  the  filament  reaches  the  proper  resist- 
ance. A  relay  put  in  place  of  the  galvanometer  will  release  its 
armature  at  that  moment,  and  may  be  arranged  to  stop  automatic 
cally  the  current  through  the  filament.  The  increase  in  diameter 
resulting  from  the  deposit  of  carbon  is  about  10  per  cent,  bul 
varies  in  different  sizes  and  makes  of  filament. 

Mounting  the  Filaments.  —  In  order  to  mount  the  filaments, 
that  is,  connect  them  to  the  *'  leading4n  "  wires  {€  C  xvi  Fig.  352), 
that  are  to  supply  them  with  current,  various  methods  have  been 
devised  and  used.  One  plan  consists  in  electroplating  a  sleeve  of 
copper  around  the  end  of  the  filament  and  of  the  wire,  thereby 
mechanically  binding  and  electrically  connecting  them  together. 
In  lamps  formerly  made  from  carbonized  cardlx>ard,  the  ends  of 
the  filaments  were  enlarged  so  that  they  could  be  attached  to  the 
ends  of  the  wnre  by  very  small  bolts.  Another  method  consists 
in  forming  a  socket  at  the  end  of  the  wire  into  which  the  end  of 
the  filament  is  inserted,  and  held  in  place  by  squeezing  the 
socket  around  it.  These  means  of  connection  have  been  in 
most  cases  abandoned  for  the  simpler  and  cheai^er  joint,  made 
hy  pasting  together  the   ends  of  the  filament  and  wire,  using  a 
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mixture  of  powdered  carbon  and  molasses,  or  other  similar  sticky 
material.  Still  another  form  of  joint  is  made  by  heating  the 
junction  of  the  filament  and  the  wires  by  an  electric  current 
in  an  atmosphere  of  hydrocarbon  gas  or  under  a  hydrocarbon 
liquid.  In  this  way  a  deposit  of  sulid  carbon  is  formed  around 
the  filament  and  wire,  which  binds  them  together.  The  deposit 
takes  place  more  rapidly  in  the  liquid,  but  the  latter  is  objection- 
able because  it  adheres  to  the  filament  and  wires.  This  so-called 
dffosited  carbon  joint  is  a  very  good  one,  but  is  more  troublesome 
and  expensive  to  make  than  \\\2.  paste d joint. 

Platinum  **  Leading-In  *^  Wires. — To  insure  a  perfectly  air- 
tight seal  where  the  "  leading-in "  wires  pass  through  the  glass, 
they  are  made  of  platinum,  because  its  coefficient  of  expansion  by 
heat  agrees  with  that  of  the  glass  which  is  used.  If  the  two 
coefficients  of  expansion  differed  materiallyi.  it  is  obvious  tliat  there 
would  be  a  tendency  either  to  crack  the  glass  or  to  let  in  air  when 
temperature  changes  occurred. 

Platinum  being  a  very  expensive  metal,  even  the  small  amount 
required  in  an  incandescent  lamp  is  a  considerable  item  in  the 
cost,  so  that  many  attempts  have  been  made  to  substitute  some 
cheaper  metal  or  alloy.  While  alloys  having  about  the  same 
coefficient  of  expansion  as  that  of  glass  can  be  made,  they  are 
open  to  the  objection  of  not  being  able  to  stand  the  high  tempera- 
ture of  melting  glass  or  the  action  of  the  blowpipe  flame  without 
melting  or  burning  while  being  sealed  in,  so  that  there  is  likely  to 
be  a  leak  owing  to  the  imixirfect  fusing  of  the  glass  to  the  wire. 

In  order  to  economize  as  much  as  possible  in  the  cost  of  plati- 
•lum  for  each  lamp,  the  greater  portion  of  the  length  of  the 
leading-in  wires  is  comjjosed  of  copper,  platinum  being  used  only 
where  the  wire  passes  through  the  glass.  For  example,  in  Fig. 
352,  the  longer  parts,  D  C  of  the  leading-in  wires  are  of  copper, 
and  the  shorter  parts,  D  E^  are  of  platinum,  the  joints  between  the 
two  being  made  by  electrical  welding. 

Glass  Portions  of  Incandescent  Lamps The  several  steps  in 

their  manufacture  are  indicated  in  Figs.  347-353,  a  standard 
Edison  16  c,  p.  lamp  being  represented  on  a  half  scale.  To 
form  the  "inside  part,"  a  glass  tube  A  is  used,  being  first 
softened  by  heat  and  flared  out  at  one  end  B.  The  other  end  is 
then  softened,  the  leading-in  wires  C  E  introduced,  and  the  plastic 


400 


ELECTRIC  LIGHTING. 


a. 

E 


01 


J 


INCANDESCENT  LAMPS, 


401 


\ 


I 


\ 


^    leav 


glass  is  pinched  around  the  wires  at  D  D  so  as  to  form  a  hcr- 
raetical  seal.  If  the  filament  is  to  be  of  a  form  to  require  it,  an 
anchor  F  is  introduced  at  the  same  time.  The  next  step  is  the 
making  of  the  bulb  Gt  which  is  simply  blown  on  the  end  of  a  glass 
tube  //y,  in  the  ordinary  way.  The  extreme  end  of  the  bulb  is 
then  heated  by  a  blow-pi]>e,  and  a  small  glass  tube  L  M  is 
attached  to  it  at  that  point.  The  bulb  is  now  disconnected  from 
the  tube  y  by  melting  the  latter  around  at  A'  and  pulling  the  two 
apart. 

The  inside  part  A  upon  which  the  treated  filament  A^has  l^een 
mounted  by  means  of  pasted  juints  at  If  E  F,  is  next  intnxluced 
into  the  bulb  G^  and  the  two  are  united  by  fusing  together  the 
circular  edges  B  B  and  K  K.  The  partially  completed  lamp  is 
now  ready  to  be  exhausted  of  air  through 'the  tulx;  L  AI. 

The  Objects  of  the  Vacuum  produced  in  the  bulb  of  an  incan- 
descent lamp  are : 

1.  To  avoid  the  combustion  of  the  carbon  filament. 

2.  To  reduce  wear  on  the  filament  due  to  •*  air-washing." 

3.  To  diminish  the  loss  of  heat  from  the  filament. 

4.  To  decrease  the  flow  of  current  in  the  space  around  the 
filament. 

At  various  times,  it  has  been  attempted  to  attain  the  first 
of  these  objects  by  using  an  atmosphere  of  some  gas  or  vapor, 
such  as  nitrogen  or  bromine,  which  it  is  expected  will  not  com- 
bine with  the  carbon.  But  even  a  small  quantity  of  any  gas 
left  in  the  bulb  may  tend  to  consume  the  carbon,  partly  by 
chemical  combination,  and  partly  by  a  mechanical  action  called 
air-washing  that  wears  away  the  filament.  The  presence  of  any 
gas  or  vapor  also  causes  a  more  rapid  transfer  of  heat  by  conduc- 
tion and  by  convection  from  the  filament  to  the  bulb.  In  a 
vacuum,  on  the  other  hand,  the  filament  loses  heat  by  radia- 
tion alone,  sn  that  a  smaller  quantity  of  energy  is  required  to 
maintain  it  at  a  certain  temperature  and  candle-power.  Hence 
the  efficiency  is  improved,  being  inversely  proportional  to  the 
energy  consumed,  other  things  being  equal.  Fur  the  same  reason 
the  bulb  of  a  vacuum  lamp  is  cool  enough  to  tnuch  with  the  hand, 
even  while  burning,  and  will  not  ignite  anything  that  may  come 
in  contact  with  it  unless  the  heat  is  allowed  to  accumulate  by 
leaving  it  for  some  time  partly  or  completely  surrounded  by  ar 
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inflammable  material,  such  as  cloth  or  wood.  The  bulb  of  a  lamp 
containing:  some  gas  becomes  considerably  hotter,  and  is  therefore 
less  convenient  to  handle,  as  well  as  more  likely  to  start  a  fire. 
The  "  air-washing  "  effect  is  not  considered  to  be  as  important  as 
formerly,  the  wearing  out  of  the  filament  being  due  chiefly  to  pro- 
jection of  i>articles  from  its  surface,  and  chemical  action  upon  h 
if  any  active  gas  is  present. 

The  flow  of  current  through  the  space  around  the  filament 
is  called  the  Edison  effect^  having  been  first  observed  by  him. 
It  is  a  loss  of  energy,  since  the  pale  bluish  light  that  it  produces 
adds  little  or  nothing  to  the  candle-power.  This  flow  is  greatly 
reduced  when  a  nearly  perfect  vacuum  is  reached.  In  fact,  lamps 
are  tested  to  see  if  the  vacuum  is  sufficiently  high,  by  connecting 
them  to  an  induction  coil ;  those  showing  the  pale  glow  through- 
out the  bulb  being  rejected.  On  the  other  hand,  the  presence  of 
any  considerable  quantity  of  gas  would  also  stop  the  wasteful  cur- 
rent, so  that  for  this  reason  alone  either  a  very  high  or  a  compara- 
tively low  vacuum  is  desirable.  The  flow  of  current  by  the  Edison 
effect  may  take  place  without  the  blue  glow,  but  Mr,  J.  W.  How- 
ell has  shown  *  that  the  two  often  go  together. 

The  blackening  of  the  bulb  w*hich  gradually  occurs  while  the 
lamp  is  burning  was  found  by  Prof.  W.  A.  Anthony  f  to  be  con- 
siderably less  in  lamps  containing  a  slight  atmosphere  of  bromine 
than  in  ordinary  high  vacuum  lamps.  The  transfer  of  carbon  from 
the  filament  to  the  bulb  seems  to  occur  as  a  sort  of  projection  of 
particles  along  straight  Hnes  in  a  manner  similar  to  the  Crooke's 
effect.  Hence  it  is  quite  natural  that  the  presence  of  even  a  small 
quantity  of  vapor  would  interfere  with  the  deposit  by  reducing  the 
"  mean  free  path  "  of  the  particles.  The  blackening  of  the  bulb 
by  the  deposit  of  carbon  upon  its  inner  surface  is  one  of  the  impor- 
tant causes  in  the  falling  off  in  candle-power  of  lamps.  This 
matter  will  be  considered  further  under  the  head  of  "  Relation 
between  Candle-Power  and  Age  "  on  page  41 C. 

The  methods  of  exhausting  bulbs  used  singly  or  in  combination 
are  as  follows  : 

1.    By  means  of  mercury  pumps. 
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2,  By  means  of  mechanical  pumps. 

3.  By  the  so-called  chemical  process. 

The  first  of  these  consists  in  connecting  the  tube  LM  (Fig. 
352)  to  a  Sprengel  or  other  suitable  form  of  mercury  pump  capa- 
ble of  producing  the  very  high  vacuum  required.  At  first  the 
quantity  of  bybbles  in  the  tube  of  the  mercury  pump  show  that 
the  air  is  being  rapidly  removed,  but  later  the  bubbles  become 
fewer  and  smaller,  until  finally  none  arc  visible.  This  mdicates 
that  no  more  air  can  be  drawn  out  under  the  existing  circum- 
stances, but  there  is  still  considerable  gas  clinging  to  the  glass, 
filament  and  leading-in  wires.  The  lamp  is  now  heated  by  passing 
current  through  the  filament  or  by  external  heat  in  order  to 
ijrive  off  these  gases  and  allow  them  to  be  removed  by  the  pump. 
When  the  vacuum  is  sufficiently  high,  the  tube  LM  is  stjftened 
dose  tu  the  bulb  by  a  bluvv-i>ipe  flame  and  drawn  out  to  form  the 
tip  T  (Fig.  353),  thus  hermetically  sealing  the  lamp. 

The  second  plan,  employing  a  mechanical  pump,  is  now  cap- 
able of  producing  sufficiently  perfect  exhaustion  for  high  vacuum 
lamps,  being  also  used  to  save  time  and  expense  in  removing  the 
greater  part  of  the  air  at  first,  when  the  final  vacuum  is  obtained 
by  a  mercury  pump  or  by  the  chemical  process. 

In  the  chemical  process  the  lamp  is  nearly  exhausted  by  a 
mechanical  or  mercury  pump,  and  some  substance  previously 
intnxluced  into  the  bulb  is  then  caused  to  combine  with  the  small 
nemaining  quantity  uf  gas.  In  most  cases  a  small  quantity  of 
phosphorus  is  put  in  the  tube  Z  J/,  and  ignited  by  heat  applied 
»:o  the  outside.  It  combines  with  the  residue  of  gas  present  to 
form  solids  or  non-conducting  gases  which  are  practically  equiva- 
lent to  a  perfect  vacuum.  It  is  found  that  red  phosphorus,  which 
is  comparatively  harmless,  can  be  used  instead  of  the  yellow  form, 
that  wuuld  be  injurious  to  the  employees  who  handled  it. 

Bases  and  Sockets The  sealetl  lamp  is  now  ready  to  receive 

the  base  which  supports  it,  and  at  the  same  time  makes  the  ne- 
cessary electrical  connecti(ms  that  supply  it  with  current.  Many 
forms  of  base  have  been  used,  the  most  prominent  being  the  Edistm 
standard  type  shown  in  Fig.  354.  This  consists  of  a  brass  shell 
formed  into  a  screw-thread,  to  which  one  leading-in  wire  is  soldered 
at  /*,  and  a  brass  button  to  which  the  other  leading-in  wire  is 
soldered  at  7?.    To  hold  the  parts  together  and  insulate  them  from 
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each  other,  the  spaces  between  are  filled  in  with  soft  plaster  of  paris^ 
as  indicated  by  dots  in  Fig.  353,    This  is  allowed  to  harden  and  is 
then  dried,  otherwise  the  moisture  would  short-circuit  the  terminals.] 
At  present  porcelain  pieces  are  generally  used  instead  of  plaster. 

The  corresponding  Edison  socket,  which  is  the  same  as  that 
tised  with  plug  cut-outs  (Fig.  336),  is  made  with  a  screw-lhreac 
and  contact  point  to  receive  the  base  of  the  lamp  and  make  elec- 
trical connections  to  it.      Simphcily  and  cheapness  are  the  chic 
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advantages   of   this  form;   and  it   is  gradually    displacing    othcT 
types  in  this  country.  h 

The  Sawyer-Man  or  Westinghouse  lamp  base,  illustrated  in  B 
Fig.  355,  is  provided  with  electrical  contacts  similar  to  those  of 
the  HdisoH  tyi:)e  ;  but  the  lamp  is  hdd  in  place  by  inserting  it  in  a 
socket  consisting  of  spring  clips  or  fingers  which  grasp  it  on  all 
sides.  The  Thomson- 1 1  oust  on  base  has  a  central  hole  in  which  a 
thread  is  cut,  so  that  it  may  be  screwed  down  upon  a  projecting  j 
screw  in  the  socket.  The  Swan,  and  similar  bases  represented  < 
in  Figs.  358-3(t0,  are  of  the  bayonet  type,  having  small  pins  cn\ 
the  sides  which  fit  into  slots  in  the  socket,  being  inserted  and] 
then  turned  slightly  in  order  to  lock  them.  All  of  these  may  be] 
classified  under  the  three  heads  of  the  screw ^  dip,  and   bayimctX 
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types.  The  first  class  possesses  the  advantages  that  have  been 
given  for  the  Edison  base,  and  the  lamp  may  be  liglUed  or  ex- 
tinguished by  screwing  it  in  or  out  about  one  turn.  This  is  con- 
venient in  case  the  switch  is  not  easily  reached  or  is  out  of  order. 
The  clip  or  bayonet  bases  are  not  adapted  to  be  used  in  this 
way  ;  on  the  other  hand,  they  are  not  sf>  likeh'  tn  wurk  loose  as 
the  screw  forms.  For  very  large  lamps,  special  types  of  socket, 
as  in  Fig.  308,  are  often  employed. 

It  has  been  attempted  to  secure  the  general  adoption  t»f  a 
standard  lamp  base  and  socket ;  but  owing  to  patent  questions,  the 
jealousy  of  manufacturers,  and  the  fact  that  large  numbers  of  the 
'different  types  have  been  installed,  the  effort  has  nut  been  very 
successful  in  this  country  or  abroad.  Now  that  the  original 
patents  have  expired,  it  would  seem  that  this  uniformity  might  be 
attained  in  order  to  save  makers  and  dealers  the  trouble  and  ex- 
pense of  carrying  in  stock  so  many  styles  of  lamjits  and  sockets. 
The  great  variety  in  voltage,  candle-power ,  form  and  color  of 
bulb,  and  type  of  base,  makes  almost  innumerable  combinations 
that  may  be  called  for. 

Forms  of  Filament.  —  The  ordinary  10  candle-power  lamp  at 
110  volts  consumes  about  \  ampere,  consequently  its  resistance 
must  be  about  -:20  ohms  when  burning.     A  filament  having  tliis 


Single 
Cu.i 


Stngl«  Curf 
Anchored 


Ooubl« 
Curl 


Ooubl*  Curl 
A/tchorad 


Sngl»  U 


figs.  362-367.     Different  Forms  of  Filament. 


resistance,  and  sufficient  cross-section  to  give  mechanical  strength 
and  the  required  illumination,  should  be  about  7  to  9  inches  long. 
The  single  i^  shape  (Fig.  302)  was  generally  adopted  in  incan- 
descent lamps  for  many  years,  but  the  excessive  length  of  the  (*, 
id  its  tendency  to  droop,  demand  a  large  bulb.  Furthermore, 
its  distribution  of  light  is  poor,  as  explained  later.  To  avoid  these 
objections,  the  curled  fi  rms  of  filament  are  now  being  used  almost 
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The  Filament  of  a  220-  Volt  Lamp  should  be  about  twice  as 
long  as  and  about  one-half  the  cross^section  of  a  standard  110-volt 
filament  giving  the  same  candle-power,  because  the  fonner  takes 
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one-half  as  much  current  at  twice  the  voltage,  in  order  to  consume 
the  same  number  of  watts.     As  a  matter  of  fact,  a  220-volt  lamp 
requires  a  larger  number  of  watts  per  candle-power;  consequently 
its  current  is  about  six-tenths  instead  of 
one-half  as  great.     The  220*vQlt  filament, 
with  its  increased  length,  is  usually  made 
in    the   double    U  or   double    curl    forms 
(Figs.   365-7),  in  order  not  to  require   a 
large  bulb. 

Large  Lamps  of  100  to  300  candle- 
power  are  usually  made  with  the  single 
^'filament,  as  represented  in  Fig.  Z^>*^,  or 
with  the  double  U  form  (Fig.  305).  In 
this  case  the  cross-section  is  much  greater, 
the  current  in  a  100  candle-power  lamp 
being  about  six  times  tliat  in  a  16  oyidle- 
power  lamp  of  the  same  voltage. 

Anchored  Filaments  are  used  when 
their  length  or  the  form  of  the  bulb  is 
such  that  there  is  danger  of  their  touch- 
ing the  glass  and  cracking  it  so  as  to  let 
in  the  air  and  burn  up  the  filament.  This 
occurs  either  from  excessive  vibration  or 
from  the  gradual  drooping  or  bending  of 
the  filament,  which  is  likely  to  take  place, 
especially  when  the  lamp  is  not  vertical 
and  pointing  downward.  Two  arrange- 
ments have  already  been  described  (Figs. 
353  and  367),  in  which  the  anchors  are 
attached  to  the  *•  inner  part ''  through 
which  the  leading-in  wires  pass.  Another 
common  form  of  anchor  is  sealed  in  the  tip 
of  the  bulb,  being  a  necessity  in  the  tubu- 
lar lamp  shown  in  Fig.  369  to  support  the  '''»■  ''*•'•  ^"^"""^  ^"'"^ 
extreme  end  of  the  filament,  and  prevent  it  from  touching  the 
glass. 

The  Distribution  of  Light  differs  greatly  in  the  various  types  of 
lamp,  depending  almost  wholly  upon  the  shape  of  the  filament. 
The  straight  single  U  form  (Fig.  362)>  giving  16  mean  horizontal 
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candle-power,  emits  only  5.7  candle-power  in  the  direction  of  the 
tip.  A  *'l<ing:  curl  anchored"  filament  (Fig.  364),  having  the 
same  mean  horiztmtal  czmdle-powcr,  gives  T.Uo  candle-power  from 
the  tip;  and  a  double  curl  filament  {Fig.  366),  of  the  same  mean 
horizontal  candle-power,  gives  10.1  candle-power  from  the  tip, 
showing  grerit  variations  in  ilkmiinating  power  in  different  direc- 
tions. The  hnri^nntal  and  vertical  distribution  of  lij^^ht  is  shown 
by  curves  in  Figs.  370  and  o71  for  long  curl  anchored  and  double 
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Figu.  370,  371.    Disinbutlon  of  Light. 


curl  filaments  resjxictively.  The  results  for  the  five  princif 
forms  as  ordinarily  profxirtioned  are  given  in  the  table  on  page  409. 
A  comparison  of  these  figures  shows  that  the  candle-power 
measured  in  line  with  the  tip  is  much  less  in  the  single  or  double 
^  -shaped  filament  than  in  the  single  or  double  curl  form,  the  mean 
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horizontal  candle-power  being  the  same  in  all  cases.  The  obvious 
reason  for  the  difference  is  the  fact  that  the  two  former  expose  less 
surface  in  Ihat  direction  than  the  two  latter.  By  slightly  twisting 
a  U  filament  so  that  it  does  not  lie  in  one  plane»  the  candle-power 
from  the  tip  may  be  increased,  and  by  shaping  it  with  one  or  two 
curls  the  distribution  of  light  will  evidently  be  still  more  uniform. 
It  is  also  a  fact  that  the  tip  itself  intercepts,  or  rather  reflects  and 
refracts,  some  of  the  light  tending  to  pass  through  it,  so  that  the 
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\a)  Mean  horizonlal  at  IrtO  revnlulions 
{h\  Mean  horijwjntal  (standard  method) 
U'll  Mean  horizomiil  {fr^m  curves)  ,  . 
{J)  Mean  spherical  (siandard  method) 
U)  Mean  with  axis  at  \U  degrees    .     . 

{/)  Mean  hemispherical 

(.^'^i  Mean  -within  %y\  degrees  from  lip  . 
\h)  From  the  lip . 
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candle-power  jn  that  particular  direction  is  still  further  diminished. 
Fur  this  reason  "  tipless  lamps  '*  are  made,  the  end  of  the  bulb 
being  made  perfectly  smooth. 

On  the  other  hand,  the  table  shows  that  the  mean  spherical 
and  mean  hemi-spherical  candle-pe>wer  are  very  nearly  the  same  for 
all  five  forms  of  filament.  As  a  matter  of  fact,  either  of  these  is 
far  more  important  practically  and  scientifically  than  the  candle- 
power  in  any  one  direction,  except  for  some  special  purpose,  in 
which  case  a  reflector  may  be  used  tn  throw  in  the  direction  re- 
quired nearly  all  of  the  light  emitted  by  the  lamp.  The  facts  given 
in  Figs.  370-i^Tl  and  in  the  table  are  obtained  from  a  paper  by 
Professor  A.  J.  Rowland  before  the  Franklin  Institute,*  in  which 
the  great  importance  of  ttie  light  from  the  tip  is  insisted  upon. 
In  fact,  he  calls  this  the  "useful  light,"  because  incandescent 
lamps  are  usually  placed  with  the  tip  downward.     But   in  many 

•  Electrical  World  and  Enginter,  Oct.  13,  1900. 
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cases  they  axe  arranged  the  other  way ;  and  even  when  they  are 

not,  there  are  reflections  from  the  ceilings  and  walls,  and  from  the 
globes  or  shades  with  which  lamps  are  generally  provided,  so  that^ 
a  fairly  uniform  distribution  of  light  results.  ™ 

Resistance  of  Filaments.  —  The  only  electrical  property  that  an 
incandescent  lamp  possesses  is  its  resistance.  The  ordinar)'  carbon- 
filament  has  about  twice  as  much  resistance  when  cold  as  it  has 
when  raised  to  the  working  tem]>erature.  Obviously  the  latter  is 
the  important  value,  and  absolutely  determines  the  current  and  the* 
power  that  the  lamp  will  consume  at  a  given  voltage.  Calling  the 
iMter  V,  the  resistance  in  ohms  of  the  hot  filament  Rt^  the  current 

V 

in  amperes  C  and  the  power  in  watts  W^  we  have:  C  = -^  and  I 
r/»  *^\ 

A\ 

Ordinarily  lamps  of  almost  any  size  take  from  3  to  4  watts  per 
candle-power.  Assuming  an  average  value  of  3.5,  and  that  the 
voltage  Fh  110,  we  have  from  the  second  equation:  3.5  X  c  p,, 
=  12100  H-  y^?^  or  /Ca  =  3457  -+-  c.  p.  Hence  the  resistance  of  al 
16  candle-power  lamp  using  3.5  watts  per  candle-power  is  3457 
-h  16  =  216  ohms,  the  current  is  110  -*-  210  =  .51  ampere,  and 
the  power  is  12100  -s-  216  =  56  watts.  A  lamp  of  32  candle-power 
consuming  the  same  number  of  watts  per  candle-power  has  a  resist- 
ance of  3457  ^  32  =  108  ohms,  or  exactly  one-half  as  much  as 
before,  the  current  is  110  -h  108  =  1.02  ampere,  and  the  power  isi 
12100  -s-  108  =  112  watts,  the  two  latter  being  twice  as  great  as 
for  the  16  candle-power  lamp.  In  short,  for  a  given  efficienc}'  and 
voltage,  the  resistances  of  lamps  are  inversely  proportional  to  their 
candle-power,  and  the  current  and  power  increase  directly  with  the 
candle-power. 

Specific  Resistance  of  Filaments.  — The  completed  filament  coi 
sists  partly  of  the  original  cellulose  or  other  material  carbonized, 
and  partly  of  the  carbon  deposited  upon  it  when  it  is  "  flashed  "  or 
••treated."  The  specific  resistance  of  the  former  differs  greatly 
according  to  the  material  used,  but  is  ordinarily  between  .0022  and 
.0035  ohms  per  cubic  centimeter  when  hot,  and  about  1^  to  2  times 
greater  when  cold.  The  deposited  carbon  has  a  specific  resistance 
about  .12  to  .16  as  large  as  that  of  the  untreated  filament  when 
bf>th  are  hot,  but  the  resistance  of  the  former  is  increased  about 
2  to  2^  times  at  ordinary  temperature.     In  almost  all  lamps  the 


i 
I 


1 


J. \CAy DESCENT  LAMPS. 


411 


I 
I 


\ 


proportion  of  the  two  kinds  of  carbon  is  such  that  the  resistance  of 
the  treated  filament  is  about  twice  as  great  when  cold  as  when  hot. 

The  variation  in  resistance  is  not  great  at  or  near  the  working 
temperature ;  in  fact,  most  of  the  reduction  in  resistance  occurs 
before  the  filament  becomes  red  hot.  This  is  fortunate,  because 
a  lamp  is  exceedingly  sensitive  to  variations  in  voltage,  and  a  de- 
creased resistance  with  increased  temperature  would  aggravate  this 
difficulty.  It  would  be  desirable,  in  fact,  to  have  the  resistance  of 
the  filament  increase  with  temperature,  as  in  the  case  of  metals, 
tending  to  keep  the  currt:nt  constant  if  the  voltage  happens  to  rise 
or  fall.  Mr.  J.  W.  Uovvell  *  has  shown  that  this  effect  is  obtained 
when  the  proportion  of  deposited  oirbon  is  large.  This  form  of 
carbon  is  graphitic  in  character  ;  and  its  resistance  falls  rapidly  until 
the  voltage  is  30  or  40  per  cent  of  ils  rated  value,  above  which  the 
resistance  increases  steadily  even  at  (50  per  cent  excess  over  the 
normal  voltage,  which  is  the  limit  of  the  experiments,  as  the  lamps 
bum  out  very  quickly  at  this  high  temperature.  The  resistance 
of  the  untreated  filament  does  not  fall  so  rapidly  at  first  as  that  of 
the  deposited  carbon,  but  it  continues  to  diminish  even  when  the 
voltage  is  raised  to  60  per  cent  above  the  normal.  Hence  it  is 
possible^  by  varying  the  proportion  of  original  and  dc[iosited  carbon, 
to  have  a  positive^  zero,  or  negative  temperature  CDcfficient  at 
working  voltage.  In  most  cases  it  is  practically  zero.  The 
original  filament  of  Kdison  lamps  has  a  specific  resistance  of  1,726 
ohms  [ler  cubic  mil  cold,  and  .88  ohms  at  a  temperature  corre- 
sponding to  8.1  watts  per  c.  p.  The  figures  for  the  dei>osited 
carbon  are  .26  and  .12  ohms  respectively. 

Size  of  Filaments.  — ^The  dimensions  of  a  filament  must  fulfill 
two  conditions  :  first,  the  resistance  must  Ix!  such  that  the  lamp 
shall  take  the  proper  current  and  power  at  the  voltage  for  which 
it  is  intended,  as  explained  on  p.  410;  and  second,  the  power  lost 
by  the  filament  as  heat  at  the  working  temperature  must  exactly 
balance  the  electrical  power  supplied.  The  loss  of  heat  from  a 
body  may  take  place  in  three  ways :  (1)  by  conduction  through 
the  bodies  with  which  it  is  in  contact ;  (2)  by  convection  currents 
in  the  gas  or  liquid  surrounding  it ;  (3)  by  nidiafion.  The  fila- 
ment of  an  incandescent  lamp  loses  a  small  amount  of  heat  by 
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conduction  through  tlie  leading-in  wires;  and  since  it   is  usuall; 
situated  in  a  nearly  perfect  vacuum,  it  loses  practically  nothing  b; 
CLinvection,   hence  the  loss  occurs  almost   entirely   by   radiati' 
The  rate  at  which  a  body  radiates  heat  is  proportional  to  its  surfac 
other  things  being  equal,  so  that  this  surface  must  have  a  certaii 
value  for  a  given  number  of  watts  supplied.     According  to  New* 
ton's  law  of  cooling,  the  loss  of  heat  is  also  proportional  to  th 
elevation  in  temperature,  and  finally  it  dejKMids  upon  the  charact 
or  emissivity  of  the    surface,  that  is,  the  number    of  heat  unit 
emitted  from  a  unit  surface  per  degree  of  tcm(5eraiure  above  thai 
of  the  surrounding  bodies.     Above  a  red  heat  the  illumination  froi 
the  filament  increases  much  more  rapidly  than  the  emission  of  heat,- 
consequently  the  efficiency  ctr  candle-power  per  watt  is  greater  the 
higher  the  teinpenUure.     There  is  a  practical  limit,  however,  t 
the  temperature,  above  whieh  the  filament  is  tcM>  rapidly  destroyct! 
so  that  there  must  be  a  compromise  between  the  life  of  a  lanip  am 
its  efficiency. 

The  actual  working  temperature  of  filaments  is  ver)*  difficult 
to  measure.  According  to  Prof.  IL  J.  Weber  it  is  1591**  C.  at 
TkI  walls  and  1560°  at  4  watts  per  candie-pnwer.  In  practice  this 
temp-rature  is  indirectly  determined  by  the  color  of  the  light,  t 
iMTiciency  and  the  life  of  lamps,  all  of  which  depend  upon  it. 

The  filament  may  be  reciangohr  in  cross-section  when 
out  of  cardboard  or  sheets  of  other  material,  and  it  has  sometime 
been  made  hollow;  but  ordinarily  it  is  solid  and  circular,  or  slightly 
elliptical  in  section.  In  a  filament  having  a  diameter  1)  and  length 
/.  in  centimeters,  surface  S  in  square  cm.,  resistance  when  hot  R, 
and  carrying  a  current  C,  the  heat  produced  must  be  proportional 
to  the  surface,  since  it  is  lost  almost  entirely  by  radiatitm.  If 
is  this  loss  measured  in  watts  per  square  cm.,  and  r  the  specific 
resistance  per  cubic  cm, 
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The  quantity  under  the  radical  sign  is  constant   for  a  given] 
material  at  the  working  tcmi>erature,  consequently  A  the  diame-] 
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ter  of  the  filament,  must  be  made  proportional  to  the  %  power  of 
the  current.  The  length  L  disappears,  hence  for  a  given  tempera- 
ture (about  the  same  fur  lamps  using  the  same  watts  per  candle- 
power)    the    diameter   depends   solely    upon   the   current   to    be 

rried.  The  resistance  Rx  increases  directly  with  the  length  i, 
hence  C  R^a  or  the  voltage  required  between  the  terminals  of  a 
filament,  is  directly  proportional  to  its  length,  other  things  being 
equaJ.  For  example,  a  220-volt  lamp  may  be  made  by  doubling 
the  length  of  a  110- volt  •filament,  a  common  plan  being  to  use  two 
of  the  latter  in  series.  The  current  would  be  the  same  in  both 
cases,  hence  the  watts  are  twice  as  great  for  the  220-volt  lamp, 
and  the  candle-power,  being  nearly  proportional  to  the  watts,  would 
also  be  doubled.  Two  16  candle-power  filaments  would  give  32 
candle-power ;  so  in  order  to  make  a  lt>  candle-power,  220-volt 
lamp,  it  is  necessary  to  reduce  the  diameter  of  the  filament,  making 
it  the  same  as  for  8  candle-power  at  110  volts.  Unfortunately  the 
weakness,  due  to  diminished  diameter,  requires  the  lamp  to  be  run 
at  a  somewhat  lower  temperature,  and  therefore  lower  eflFiciency. 
For  example,  a  220- volt  lamp  may  take  3.8  compared  with  3.1  watts 
per  candle-power  for  11 0-volt  lamps,  or  about  20%  more  power. 
The  actual  sizes  of  filaments  depend  largely  upon  the  propor- 
tion of  deposited  carbon,  the  specific  resistance  of  the  latter  being 
about  .12  to  .16  that  of  the  untreated  filament,  as  already  stated. 

rdinarily  the  diameter  is  increased  about  10  or  20%  by  the  de- 

5sititin  of  carbon. 
Relations  Between  Voltage,  Candle-Power,  Efl&ciency,  and  Life. 
—  The  voliage  of  a  lamp  is  the  potential  difference  measured  across 
its  terminals.  Candle-power  may  be  defined  in  the  various  ways 
stated  on  page  308,  the  mean  spherical  candle-power  being  the 
complete  measure,  but  the  most  difficult  to  determine.  The  mean 
horizontal  candle-power  may  be  easily  measured,  while  the  kimp  is 
rotated  180  to  220  times  per  minute  with  its  axis  vertical,  and  it 
us  that  by  which  lamps  are  rated  by  their  manufacturers ;  but  the 
mean  spherical  is  usually  16  to  20%  less,  as  shown  in  the  table  on 
jxige  409.  It  has  been  recommended  by  the  National  Electric 
Light  Association  to  measure  the  candle-power  while  the  lamp 
is  rotated  with  its  axis  inclined  45°  to  the  photometer.  This 
usually  gives  results  approximating  the  mean  spherical  candle- 
power,  but  does  not  necessarily  do  so.     In  what  follows,  the  mean 


414 


ELECTRIC  LIGHTING. 


horizontal  candle-power  is  used,  since  lamps  are  generally  rated  by 
it,  The  efficicftcy  of  a  lamp  is  measured  by  the  number  of  candle- 
power  per  watt.  It  is  usually  stated  as  the  number  of  *•  watts  per 
candle-power  ; "  but  of  course  this  is  the  inverse  of  efficiency, 
since  it  is  larger  with  poorer  lamps.  The  life  of  a  lamp  means 
either  the  total  number  of  hours  it  gives  light  before  burning  out, 
or  the  number  of  hours  it  burns,  until  its  candle-power  has  fallen 
to  a  certain  fraction —  usually  80%  of  its  rated  value.  The  former 
might  be  called  the  totals  and  the  latter  the  useful  life,  beyond  fl 
which  it  is  not  economical,  and  should  be  replaced  by  a  new  lamp, 
even  if  it  is  capable  of  burning  much  longer.  Unless  otherwise 
stated,  all  data  are  given  for  lamps  up  to  125  volts,  and  are  sub- 
stantially true  for  220  volts,  but  the  latter  are  more  sensitive. 

The  candle-power,  etc,  of  lamps  vary   in  much  greater  proper-  ' 
tion  than  the  vultage  supplied,  as  shown  in  the    following  table: 

VARIATION    or    GAimiiE-FOWirR.    EFFICTENCT.    KXTD    LIFE. 

In  the  following  table  is  shown  the  X'ariation  in  candlc-p>ower, 
efficiency,  and  useful  life  of  General  Electric  standard  100  to  125 
volt  3.1  and  3.5  watt  lamps,  due  to  variation  of  voltage  supplied 
to  them. 
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For  example,  a  lamp  of  10  candle-power,  105  volts,  and  8.1 
watts,  if  burned  at  103  <^  of  normal  voltage,  or  about  108  volls, 
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will  give  118  9^  of  1*>  candle-power,  or  17,9  candle-power,  the 
efficiency  \vill  be  2,8  watts  per  candle,  but  the  life  is  reduced  nearly 
one-half,  being  .562  of  the  normal 

In  other  words  an  increase  of  only  3  %  in  voltage  raises  the 
liidIe-|)ower  18  7^,  the  explanatitm  being  that  up  to  a  red  heat  no 
light  is  given,  but  after  that  increases  rapidly  with  the  tempera- 
ture. Since  the  resistance  of  the  filament  is  almost  constant  near 
the  working  temperature  the  current  rises  directly  with  the  volt- 
age, so  that  the  watts  for  this  case  are  103  x  103  =  106  %  ol 
their  normal  value  ;  .that  is,  6  %  more  power  produces  18  ^  more 
candle-power,  the  watts  per  candle-power  being  reduced  from  3.1 
to  2.8,  an  improvement  of  10  %,  Unfortunately  this  very  desir- 
able gain  is  offset  by  the  decrease  in  life  resulting  from  the  higher 
temperature  and  the  rapid  falling  off  in  candle-power  and 
efficiency.  Long  experience  has  shown  that  filaments  for  125 
volts  or  less  should  be  designed  to  run  at  a  temperature  that 
gives  an  efficiency  of  3.1  to  3,5  watts  per  candle-power.  Above 
this,  the  trouble  and  expense  of  renewing  the  lamps  more  than 
counterbalance  the  saving  in  jxjvver.  It  is  also  important  to  note 
that  the  rated  w^atts  per  candle-power  usually  represent  the  initial 
efficiency  and  filaments  that  burn  at  too  high  temperature,  soon 
show  much  poorer  results,  so  that  the  average  efficiency  may  not 
be  improved.  In  the  case  of  lamps  for  about  220  volts,  it  has  not 
been  found  practicable  to  do  better  than  3.4  to  4  watts  per  candle- 
power  (initial)  owing  to  the  greater  length  and  smaller  diameter  of 
the  filament  as  explained  on  p.  406. 

Another  table,  issued  by  the  makers  of  the  Packard  lamp,  is 
given  below,  showing  results  somewhat  different  from  those  on 
p.  414,  the  average  life  being  less  affected  by  raising  or  lowering 
the  voltage.  For  example.  3.1  watt  lamps  having  580  hours 
average  life  at  normal  voltage,  are  stated  to  have  a  life  of  280 
hours  at  6  fff,  increased  voltage.  In  the  previous  table  the  rela- 
tive life  is  given  at  .31,  that  is,  .31  x  580  =  179.8  hours,  which  is 
considerably  less.  The  results  of  actual  practice  probably  approxi- 
mate more  closely  those  contained  in  the  former  table.  The 
useful  life  at  normal  or  excessive  voltage  is  actually  less  than 
here  stated  with  the  usual  limit  of  80  of  the  initial  candle- 
power  I'or  lives  as  long  as  those  given  in  the  table,  the  average 
candle-power  would  fall  to  60  or  70  '^  of  its  initial  value. 
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Imiividual  Pcrfofntance  of  Lamps.      The    discrepancies  just 
pointed  out   illustrate  the  great  differences  in  rating  and   in   re-  ^ 
suits.     This  is  partly  due   to  different   methods  of  manufacture  I 
and  testing,  and  partly  to  wide  variations  in  indi\ndual  perform- 
ance.    The  figures  arc  supposed  to  represent  averages  ;  but  lamps, 
even  when  rated  exactly  the  .same,  differ  greatly  from  each  other. 
The  results  of  tests  on  a  number  of  lamps  are  plotted  upon  what 
are  called  "target  diagrams,"  as  illustrated  in  Figs.  372  and  373. 
The   former  shows  that  the  watts   required   to  produce  a  given 
candle-power  vary  about   10*%,  and   the  candle-power  runs  from 
16  to  21,  with  watts  from  63  to  71,  although  the   lamps  were  all 
supposed  to  be  the  same.     These  are  bad  results ;  but  Fig.  373  is 
considered  very  satisfactory,  since  only  2  lamps  out  of  50  are  out- 
side of  the  limiting  target,  which  permits  1.5  candle-power,  and 
3  watts    range  above  or  below  the  normal.     The    manufacturer 
attempts  to  hit  the  center,  that  is,  obtain  uniform  results ;  and  in  _ 
this  case  has  done  fairly  well  with  most  of   the  lamps.     Neverthc-  | 
less,  the  individual  differences  are  considerable,  and  show  the  diffi- 
culty of  rating  incandescent  lamps  exactly.  h 

T/te  Relation  Between  Candie-Power  and  Age  in  Fig.  374  fl 
also  illustrates  these  differences,  lamps  of  approximately  equal 
initial  candle-power  giving  from  11^  to  17 i  candle-power  at  the 
end  of  too  hours  run.  In  some  cases  the  candle-power  rises  at 
first,  in  others  later,  and  in  some  not  at  all ;  but  the  general 
tendency  is  downward  for  all  The  average  shown  by  the  dotted 
line  is  fairly  good ;  being  14.1  candle-power,  or  88  f%  of  16  candle- 
povrer  at  600  hours,  and  apparently  would  fall  to  80  %  at  al 
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fig*.  372,  37S.    ^'Station  (Htuttttt  Mttal  Canatv-pomr  ttmt  Wattt  Contumul, 


fig.  374,    fteiatfon  betmwtn  Cat><ft8-pew9f  ana  igt,  ^ 

2.  The  interior  surface  of  the   bulb  bcci>mes  blackened  and 
less  transparent,  owing  to  the  carlwn  deposited  upon  it. 

3.  The  eniissivity  (for  heat)  of  the  filament  increases  so  that 
its  temperature  is  lowered.  fl 

This    falling    candle-power   is  the   most   serious   trouble   with  ™ 
incandescent  lamps,  since  it  is  not  shown  by  a  test  in  the  begin- 
ning, and  being  so  gradual  escapes  definite  attention,     It  is,  how- 
ever,  a  common   cause   for  dissatisfaction,   producing   the   very 
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general  impression  that  a  so-called  16  candle-power  incandescent 
lamp  does  not  give  as  much  light  as  the  ordinary  gas-burner  (using 
5cii.  feet  per  hour).  This  idea  is  well  founded,  because  we  have 
seen  that  lamps  are  rated  by  their  mean  horizontal  candle-power, 
which  is  usually  15  to  20  %  less  than  the  mean  spherical. 
Furthermore,  the  former  falk  to  80  %  of  its  initial  value  at  the  end 
of  the  useful  life,  and  the  average  is  90  %,  assuming  a  uniform  de- 
cline, which  is  close  enough  for  practical  purposes  ;  so  that  the 
actual  candle-power  is  about  25  %  less  than  the  nommal,  or  about 
12  candle-power,  compared  with  about  20  to  30  for  the  gas- 
burner. 

Tliis  trouble  is  aggravated  by  the  fact  that  lamps  are  rarely 
renewecl  when  they  have  fallen  20^  in  candle-ix)wer,  as  the  almost 
universal  custom  is  to  let  them  run  until  they  bum  out,  which 
may  take  1500  hours  or  mure.  During  the  latter  half  of  this 
l^eriod,  iheb*  average  candle-power  is  often  not  more  than  GU  or 
TO  ^  of  the  initial  candle-power;  and  the  watts  jjer  candle-power 
have  risen  from  3. 1  or  3.5  to  5  or  (j,  a  loss  of  »30  or  40  ^o  in  actual 
light,  and  an  increase  in  cost  of  60  or  70  %  per  candle-power.  The 
obvious  conclusion  is  that  it  is  uneconomical  to  burn  lamps  more 
than  about  500  or  600  hours  ;  and  it  would  be  a  jx^sitive  saving  if 
one  should  break  them  at  the  end  of  this  period  ;  in  fact,  this  limit 
has  been  aptly  called  the  "smashing-point  "  *  It  is  safe  to  say 
that  hundreds  of  thousands  of  dollars  are  wasted  annually  in  the 
world  by  not  observing  this  important  fact. 

A  further  exaggeration  of  this  bad  situation  arises  from  the 
common  tendency  to  supply  lamps  with  less  than  their  normal 
voltage.  A  deficiency  of  at  least  1  or  2  volts  is  the  rule  and  not 
the  exception,  and  it  often  amounts  to  4  or  5  volts.  This  custom 
is  the  result  of  attempting  to  prolong  the  life  of  lamps  as  much  as 
possible.  It  is,  however^  a  "  penny-wise  and  pound-f<x>lish  "  prac- 
tice, since  the  lamp  itself  costs  about  20  cents,  while  the  energy 
that  it  consumes  costs  !|3.00  during  a  normal  life  of  400  hours  at 
an  ordinary  price  of  .75  cent  per  16  candle-power  lamp-hour.  A 
lamp  using  3.1  watts  per  candle-power  at  normal  voltage  has  an 
average  life  of  400  hours.  If  this  lamp  were  burned  at  98  %  of 
normal   voltage  its  life  would  be  increased  to  584  hours,  but  its 
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consumption  of  energy  is  raised  to  3,34  watts  per  candle-power 
7.4  %  more.  At  .75  cent  per  lamp-hour  and  for  584  hours*  XiIk 
the  energy  costs  $4.38,  on  which  an  increase  of  7.4%  amounts  to 
32  cents.  The  lamp  burns  584  —  400  =  184  hours  longer,  but 
this  effects  a  saving  of  only  (184  -*-  400)  x  20=  9  cents,  which 
.28  as  much  as  the  extra  cost  of  energy,  the  net  loss  bein, 
32  —  9  —  23  cents.  The  sole  advantage  gained  is  the  fact  that 
the  lamps  are  renewed  every  54*<  instead  of  400  hours,  but  this 
saving  is  only  a  small  fraction  of  a  cent  per  renewal.  \ 

This  false  economy  is  almost  universal,  because  a  man  in  charge 
of  a  lighting-plant  m>ticus  each  lime  that  a  lamp  bums  out,  and 
considers  it  an  actual  loss  of  20  cents.  lie  forgets  that  in  most 
cases  the  lamp  has  given  light  for  600  hours  or  more,  and  its  cost 
per  hoar  of  service  is  only  20  -f  GOO  =  .03  cent  compared  with  .7 
cent  for  energy.  The  importance  of  the  latter  item  is  only  found 
by  calculations  based  upon  electrical  and  photometric  tests,  hence 
it  is  rarely  appreciated  by  the  ordinary  user. 

In  the  comparisons  made  above,  the  price  of  electrical  energy 
has  been  taken  at  the  rate  charged  by  central  stations,  which  varies 
from  .5  to  1  cent  per  hour  for  a  10  candle-power  lamp  consimiing 
50  to  55  watts,  an  average  rate  being  .75  cent.  For  isolated 
plants,  in  which  the  energy  is  generated  on  the  six>t,  its  cost  may 
be  only  .15  to  .25  cent  per  lamp-hour ;  but  even  then  the  extra 
energy  required  at  08%  of  normal  voltage  is  one-fifth  to  oiie-lhird 
as  much  as  before,  or  32  -^  5  to  32  hj-  3  =  6.4  to  10.7  cents  for  6t)4 
hours,  compared  with  a  saving  in  lamps  of  9  cents.  Further- 
more the  price  of  lamps  may  be  less  than  20  cents.  It  is  custom- 
ary to  regard  the  rated  vohage  of  a  lamp  as  a  maximimi  value 
never  to  be  exceeded,  consequently  the  inevitable  variations  that 
occur  produce  an  average  at  least  1  or  2  %  below  tlic  normal  pres- 
sure, and  often  it  is  4  or  5  %  too  low,  resulting  in  ver)'  poor 
economy.  W^hile  it  is  injurious  to  run  lamps  abuve  their  normal  I 
voltage,  nevertheless  the  turra^e  pressure  should  equal  that  for 
which  they  are  rated,  and  the  regidation  (i.e.,  uniformity  of  voltage) 
should  be  gnotl  enou):];h  to  avoid  any  serious  shortening  of  life.  ■ 
Aside  from  any  direct  question  of  dollars  and  cents,  the  dissatisfac- i 
tion  and  the  depressing  effect  produced  by  running  lamps  beyoml 
their  normal  life  or  below  their  rated  pressure  are  sufficient  reasons  j 
to  demand  very  careful  attention  to  this  point. 
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Approximate  Formu Ice  for  Relations  between  Voltage^  Efficiency ^ 
Life,  and  CandU-Power  may  be  used  within  a  limited  range  of 
about  5  ^0  above  or  below  the  normal  values,  which  is  enough  for 
any  practical  purpose.  Calling  V  the  voltage  supplied  at  the 
lamp  terminals,  C  the  current  in  amperes,  R  its  resistance  (hot) 
in  ohms  assumed  to  be  constant  within  the  range  named,  W  the 
piwer  in  watts  consumed  by  it>  D  its  candle-power,  A  the  so-called 
efficiency  in  watts  per  candle-power,  and  L  the  normal  life  or 
average  number  of  hours  to  reach  80  *%  of  the  rated  candle-power, 
we  have : 

c=  F-f* ^  (1)     R  =  fh-  c  (2)     rr=  V^^ R  =  CR (3) 

C  00  F,  since  R  is  nearly  constant,  (4) 

;r  00  K* » C*,  "        "         *'  "  (5) 


(6) 


(7) 


L  00  7^  Qc  ^j^  00  -—3 ,    Edison  3.1  Watt  Lamps,  p,  414,     (8) 
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To  apply  the  above  expressions,  we  may  find  R  from  (2)  by 
measuring  V  and  C  with  volt-  and  ampere-meters  while  a  lamp  is 
burning.  From  (4)  we  know  that  a  certain  increase  or  decrease  in 
voltage,  say  2  ^i,  produces  the  same  change  in  the  current  and  (5) 
shows  that  the  watts  are  proportional  to  the  square  of  either  volt- 
age or  current.  From  (6)  we  find  that  a  lamp  consuming  3.1 
watts  per  candle-power,  at  rated  vciltage,  requires  at  98  %  of  that 
voltage  3.1  -H  .i^>H*  =  3.1  -^  .1*22^  =  3,36  watts  per  candle-power. 
This  agrees  closely  with  the  value  3.34  given  in  the  table  on  p.  414. 
From  (7)  its  candle-power  is  found  to  be  .OS**  —  .886  of  the  normal 
compared  with  .H9  in  the  table  and  from  (9)  its  life  is  1  -i-  .98^0  =1.5 
times  normal  compared  with  1.46  in  the  table.  These  formulae, 
as  already  stated,  are  merely  approximate,  and  do  not  apply  to 
individual  lamps,  but  they  bring  out  veiy  important  and  interesting 
facts  that  are  practically  true  when  a  number  of  results  are 
averaged. 

Special  Lamps.  —  Almost  innumerable  varieties  of  lamps  are 
made  for  different  purposes.  The  standard  voltages  are  50  to  60, 
100  to  120,  and  200  to  240  for  centra!  station  or  isolated  plant 
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lighting ;  but  many  others  between  and  below  these  limits  are  also 
adopted.     Prominent  among  these  special  types  are  the  low-voltage 
lamps  for  use  with  storage  or  primary  batteries,  and  ranging  from 
3  to  12  volts.     In  the  larger  sizes  these  are  made  Ukr 
the  standard  lamps  ;  but  for  the  smaller  sizes  they 
are  given  special  forms,  as,  for  example,  the  bicycle 
lamp   in   Fig,  376,   giving  J   candle-power, 
and  consuming  .5  ampere  at  4  volts.     The 
surgical   lamp,  shown   actual   size  in   Fig. 
3T*3,   represents   one  of  the  ver)'  smallest 
forms,  requiring  3  volts  and  about  1  am- 
pere, and  giving  ^  candle-power. 

Another  important  class  of  low-voltage 
lamps  includes  the  so-called  scries  lamps.  They  arc  used  in  a 
candelabra  or  sign  in  order  to  subdivide  the  light  aotl  also  simplify 
the  wiring.  They  may  Ix;  connected  in  series  across  an  ordinary 
110  volt  or  other  constant  i-otcntial  circuit.  It 
is  necessary  that  the  members  of  each  series 
should  be  designed  for  the  same  current  within 
.03  ampere.  The  lamps  may  differ  in  voltage, 
but  the  sum  of  the  voltages  in  any  series  must 
equal  that  of  the  circuit  within  3  volts.  The 
lamp  represented  full  size  in  Fig.  377  gives  1 
candle-power,  and  consumes  .33  ampere  at  12."* 
to  15  volts,  being  run  8  in  series  on  100  to  12(J 
volts. 

Series  lamps  are  also  made  for  constant 
current  circuits  as  described  on  pp.  24,  2f»,  and 
in  Chapter  X.  For  a  10  ampere  scries  arc 
circuit  they  require  about  I  volt  per  candle- 
power,  and  for  the  3  or  3.5  ampere  alternating  or  direct  current 
circuits  they  use  about  1  volt  per  candle-p<nver  ;  in  cither  case  the 
filaments  are  made  sufficiently  large  to  carry  the  current. 

In  addition  to  the  many  different  voltages  for  which  lamps  are 
made,  several  different  sizes  are  supplied  for  each  voltage,  the 
standards  being  8,  Ki,  24,  32,  50,  and  100  candle-power,  but  others 
are  often  required.  Various  shapes  of  lamps  are  manufactured 
for  special  purposes,  as,  for  example,  the  tubular  lamp  in  Fig.  369, 
and  some  ornamental   forms.      Finally  lamps  are  made  in  many 
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colors,  such  as  red,  blue,  green,  amber,  opal,  frosted,  etc,  besides 
the  ordinary  clear  glass  bulbs.  The  result  is  that  the  total  number 
of  different  styles  of  lamp  that  are  made  is  many  thousand. 

Renewal  of  Filaments.  —  I  n  most  cases  when  a  lamp  burns  out  or 
is  reduced  in  candle-power  and  efficiency  below  the  economical  limit, 
it  is  the  filament  alone  that  is  worn  out.  The  bulb,  base,  leading-in 
wires,  etc.,  are  usually  intact  and  cajxible  of  being  used  again. 
The  renewal  of  the  filament  and  vacuum  is  now  carried  on  success- 
fully, the  process  being  as  follows :  A  hole  is  made  in  the  bulb  by 
removing  the  tip,  and  the  carbonaceous  deposit  on  the  inner  sur- 
face is  burned  off  by  the  application  of  heat  to  the  oiflsidc.  The 
old  filament  is  taken  out  through  the  aperture  in  the  bulb  and  a 
new  one  introduced,  being  then  connected  to  the  leading-in  wires 
by  a  pasted  joint  as  described  on  p.  398.  The  joint  is  set,  and  the 
gases  driven  off  by  a  blow-pipe  inserted  through  the  hole  in  the 
bulb.  A  tube  similar  to  L  M  on  p.  400  is  attached  to  the  bulb  at 
the  point  where  the  hole  was  made,  the  parts  being  fused  togellv  r, 
and  the  bulb  is  exhausted  and  hermetically  sealed  in  the  usual 
manner  as  describetl  on  p.  401.  The  brass  base  and  the  outer  sur- 
face of  the  bulb  are  also  cleaned  if  they  require  it,  and  the  lamp 
then  has  the  appearance  and  useful  qualilies  of  a  new  one. 

The  so-called  stofpcr-latnps  arc  easily  renewable,  since  the  inner 
part  (A  B  in  Fig.  349)  that  carries  the  filament  fits  intu  the  bulb 
with  a  tapering^  ground  joint  similar  to  that  of  a  glass  stopper  for 
a  bottle.  It  is  cemented  in  place  in  order  to  hold  it  and  als^>  make 
the  seal  more  nearly  air-tight.  This  type  is  more  e.xpensive  to 
make  than  the  ordinary  lamp  with  fused  joints,  and  does  not  main- 
tain the  vacuum  so  well. 

**  Turning  Down'*  Incandescent  Lamps,  —  It  is  often  urged  as 
an  objection  against  these  lamps  that  they  cannot  readily  be  made 
to  give  more  or  less  light,  as  in  the  case  of  gas  or  oil  lamps.  In 
the  majority  of  instances  when  the  latter  are  torned  down  it  is  to 
save  the  trouble  of  relighting  them,  which  does  not  apply  at  all  to 
the  incandescent  lamp.  Furthermore  the  light  of  the  last-named 
may  be  diminished  temporarily  or  permanently  in  several  ways. 
One  plan  is  to  su!)stitute  a  lower  candle-power  lamp  in  the  same 
socket,  which  can  easily  be  done  in  a  few  seconds.  Another 
'  meth<Kl  is  to  insert  resistance  or,  for  nltcrnating  currents,  induct- 
ance in  the  circuit.     The  resistance  or  inductance  is  placed  in  a 
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special  socket  and  controlled  by  a  key.  A  third  arrangement  em- 
ploys two  filaments  which  are  connected  in  parallel  or  singly  for 
full  light  and  in  series  for  reduced  effect.  A  form  of  light  is  made 
in  which  a  16  and  a  1  candle-power  filament  are  put  in  the  same  bulb, 
and  either  may  be  lighted  by  turning  the  socket  slightly.  An  obvious 
way  to  dim  a  light  is  to  put  a  shade  or  a  less  translucent  globe 
around  it.  This  fails  to  save  any  energy  when  less  illumination  is 
required,  but  is  simple  and  effective.  A  combustible  shade,  such 
as  cloth,  paper,  or  wood,  should  never  be  put  in  contact  with  or  closei 
around  a  lamp,  as  the  heat  will  accumulate  and  may  start  a  fire. 

Specifications  for  Lamps.—  In  buying  or  making  contracts 
for  any  considerable  quantity  of  lamps  it  is  customary  to  specify 
certain  requirements. 

The  initial  candic-poivcr  at  the  rated  voltage  should  not  be' 
more  than  9  9^  above  or  below  the  value  called  for.  This  margin 
amounts  to  Ij  candle-ptnver  for  a  16  candle-power  lamp,  as  shown 
in  Fig.  3TU,  the  "target"  (within  which  the  lamps,  must  hit) 
extending  from  14^  to  17^  candle-power.  This  limit  applies  tu  the 
individual  performance  of  every  lamp,  and  any  that  exceed  it  may 
be  rejected.  The  avemge  initial  candle-power  of  a  certain  lot  of 
lamps  should  be  within  G  %  of  the  rated  value  (1  candle-power  for 
a  IC  candle-power  lamp).  It  is  not  desirable  for  lamps  to  be 
either  above  or  below  their  rated  candle-power,  since  their  life  is 
shortened  in  the  former  case,  and  their  efficiency  reduced  in  the 
latter,  and  either  interferes  with  uniformity  of  results.  The  candle- 
power  is  usually  measured  when  the  lamp  is  mounted  vertically^ 
in  the  photometer  and  rotated  at  about  180  r.  p.  m.,  the  result 
being  the  mean  horizontal  candle-power.  The  relations  between  this 
and  the  mean  spherical  candle-ix>wer  and  candle-power  from  the  tip 
are  showTi  in  Figs.  370-1.  As  already  stated,  the  mean  horizontal 
candle-power,  being  easily  measured,  and  the  one  by  which  candle, 
oil,  and  gas  lights  are  rated,  is  generally  adopted.  In  some  cases> 
it  is  specified  that  lamps  shall  not  give  less  than  7  candle-powerW 
from  the  tip.  The  unit  of  light  commonly  accepted  in  this 
country  is  the  British  "Parliamentary  Standard"  candle-power.™ 
From  this  as  ^  pnmaty  standard  a  number  of  incandescent  lampsB 
are  carefully  rated,  and  ser\'e  as  excellent  secondary  standards, 
being  burned  only  a  minute  or  so  at  a  time  to  check  other  tncan' 
descent  lamps  that  are  used  as  working  standards. 
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Life  of  Lamps. —  Since  all  of  the  above  statements  refer  to 
initial  candle-power,  it  is  necessary  to  specify  the  useful  life  of  a 
lamp,  or  the  time  it  will  burn  before  falling  to  a  certain  candle- 
power,  usually  80  %  of  the  initial  candle-power.  For  lamps  having 
aji  initial  efficiency  of  3.1  watts  per  candle-power,  the  useful  life  is 
about  400  to  450  hours.  At  3.6  watts  it  is  about  800,  and  at  4 
watts  about  ItJOO  hours. 

Camile-Jtours — The  true  measure  of  a  lamp's  value  is  the 
product  of  its  useful  life  in  hours  and  its  average  candle-power 
dunng  that  time.  The  latter  is  usually  about  90  %  of  the  initial, 
hence  a  3,1  watt  16  candle-power  lamp  should  give  at  least  400  x 
16  X  .90  =  5760  candle-hours. 

Efficiency.  —  The  number  of  watts  consumed  per  candle-power 
is  another  important  pi>int  in  lamp  specifications.  It  refers  usually 
to  initial  values,  the  specifiL^d  useful  life  being  a  check  upon  the 
fall  in  cantlle-i^ower  and  indirectly  upon  the  efficiency.  The 
standard  efficiencies  are  3.1,  3.5,  and  4  watts  per  candle-power. 
Each  lamp  at  rated  voltage  should  take  within  6  %  of  the  watts 
specified,  and  the  average  fur  a  large  number  should  be  within  4  % 
of  the  specified  figure.  If  the  efficiency  is  high  (i.e.,  small  con- 
sumption of  power)  the  life  is  sh(^^tcnec!,  and  vice  versa,  a  fair 
compromise  being  adopted  in  practice,  as  explained  on  pp.  415 
and  418.  If  the  cost  of  energy  is  low,  as  for  example  in  some 
water-power  plants,  a  lower  efficiency  lamp  may  be  used,  but  it  is 
seldom  economical  to  use  4  instead  of  »i.5  watt  lamps.  The  useful 
life  of  the  former  is  about  lt>00  hours  comixired  with  8U0  for  the 
latter,  which  would  save  one  lamp  costing  about  20  cents  every 
InOO  hours.  The  energy  consumed  in  1600  hours  costs  \  to  J  cent 
per  lamp-hour  at  ordinary  central  station  rates,  or  Jj8  to  ^12  ;  and 
a  3.5-watt  lamp  would  use  one-eighth  less  energy  than  a  4-watt 
lamp,  the  saving  being  Jfl  to  il.50,  which  is  5  to  71-  times  the  cost 
of  a  lamp.  Isolated  electric-lighting  plants  in  hotels,  factories, 
etc.,  involve  very  little  extra  expense  for  engineers  and  other 
labor,  or  for  coal  when  the  exhaust  steam  is  used  for  heating; 
hence  the  electrical  energ\^  may  be  produced  at  /1 5  to  ,25  cent  per 
lamp-hour.  For  IGOO  hours  it  amounts  to  :5(2.40  to  |!4,00,  and 
one-eighth  of  this  is  30  to  50  cents,  which  is  also  greater  than  the 
cost  of  a  lamp,  so  that  even  then  4-watt  lamps  are  less  economical 
than  those  using  3.5-watts  per  candle-power.     It  may  happen  that 
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lamps  are  located  in  some  inaccessible  place,  such  as  the  ceiling  of 
a  large  hall  or  railway  station,  and  in  that  case  it  might  be  better 
to  use  the  long-lived  4-watt  lamps  to  save  the  trouble  of  frequent 
renewals.  Where  the  regulation  is  poor  (i.e.,  voltage  varies  con- 
siderably) the  life  is  shortened,  and  it  may  be  desirable  to  use  4- 
watt  lamps. 

Bulbs  and  Basis.  —  The  former  are  si>ecified  to  be  uniform  in 
size  and  of  best  quality  glass,  clean  and  free  from  flaws  or  blem- 
ishes. The  metallic  parts  of  the  base  should  be  of  good  quality 
brass,  uniformly  and  accurately  fitted  to  the  bulb  so  as  to  be  im- 
per\nous  to  moisture.  When  placed  in  the  stxrket  no  live  metallic 
part  (i.e.,  connected  to  the  circuit)  should  be  exposed, 

iaatttm. — All  lamps  must  have  a  practically  perfect  vacuum, 
and  show  no  ghnv  when  tested  with  an  induction  coil  giving  a  half- 
inch  spark. 

For  further  information  regarding  Incandescent  Lamps,  refer- 
ence may  be  made  to  the  following :  — 

7y/£'  Incamit'sccnt  Lamp  and  Its  Manufacture^  by  Gilbert  S. 
Ram,  pp.  218,  London,  1893. 

A  Life  and  Efficiency  Test  of  Incandescent  Lamps,  by  Pro- 
fessor B,  F.  Thomas  and  Messrs.  Martin  and  Hassler,  Transactions 
of  the  American  Institute  of  Electrical  Engineers,  \o\.  ix.,  p.  271, 
i892. 

The  Most  Eeonomica!  Age  of  Incandescent  Lamps,  by  Carl 
Hering,  ibid.^  vol.  x.,  p.  (35,  1893. 

Conductivity  of  Ituandescent  Carbon  Filaments  and  of  the  Space 
Surrounding  Them,  by  John  \V.  Howell,  ibid.^  vol.  xiv.,  p.  27, 
1897. 

The  Incandescent  Lamp  (Manufacture),  by  Manning  K.  Eyre, 
The  Electrical  World,  Jan.  5,  1895. 

Incandescent  Lamps,  by  Francis  W.  WUicox,  Journal  of  the 
Franklin  Institute,  April,  1900. 


I 
I 


LAMPS  NOT  EMPLO  VIXG  CAA'BON. 


427 


CHAPTER    XVIII. 


LAMPS    NOT  EMPLO VIKG   CARBON. 


I 


I 
I 


\ll  forms  of  electric  lamp  in  successful  use  prior  to  1900 
employed  carbon  as  the  light-givinr^  body.  This  applies  to  arc 
lamps,  which  in  all  cases  are  provided  with  carbon  electrodes,  and 
to  incandescent  Lamps,  which  employ  carbon  filaments.  There 
are,  however,  two  other  interesting  classes  of  lamps  which  do  not 
use  carbon  :  one  includes  the  st>-called  vacuum  tubes,  in  which  all 
the  light  is  emitted  by  a  gas  or  vapor;  and  the  other  comprises 
incandescent  lamps,  in  which  the  filament  is  composed  of  some 
material  other  than  carbon,  the  lYcrHSf  lamp  being  a  prominent 
example.  The  use  of  vacuum  tubes  as  sources  of  light  is  a  very 
old  idea,  being  described  by  Hauksbee  in  a  treatise  published 
about  two  hundred  years  ago.*  He  employed  glass  vessels  con- 
taining rarefied  air,  made  luminous  by  frictional  electricity,  and  to 
quote  his  own  \vords,  the  light  was  '*so  great  that  large  print, 
without  much  difficulty,  could  be  read  by  it." 

Similar,  but  not  much  more  successful,  attempts  have  been 
made  repeatedly  during  the  succeeding  two  centuries.  The  devel- 
opment of  the  Geissler  and  other  improved  forms  of  vacuum 
tube,  and  of  the  induction  coil,  during  the  past  fifty  years  or  more, 
has  facilitated  and  encouraged  such  investigations. 

Mr.  Nikola  Tesla,  in  a  paper  on  *' Experiments  with  Alternate 
Currents  of  Very  High  Frequency  and  Their  Application  to 
Methods  of  Artificial  Illumination,"  f  gave  prominence  to  this 
subject,  and  has  since  investigated  and  written  further  in  con- 
nection with  it,  but  has  not  yet  advanced  beyond  the  experimental 
stage.  A  paper  on  "Recent  Developments  in  Vacuum  Tube 
Lighting,"  J  by   Mr.   D.  McFarlan  Moore,  describes  the  methods 

♦  Physictf  mechanical  Experiments^  etc.,  I^ndon,  ITOfl. 

t    Tranitut.  Amer.  fnst.  Elec.  Ens^..  vol.  viii.,  p,  207,  May.  1891. 

t    IhiJ,  vol.  xiii.,  |>.  85,  April,  181M1, 
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employed  and  results  obtained  by  him.     In  his  laboratory  and  ai 
the  New  York  Electrical  Exhibition  of  1896  he  showed  a 
of  considerable  size  lighted  fairly  well  in  this  way,  but  no  coi 
mercial  applications  have  yet  been  made.     In  another   series 
investigations,  Mr.   Cooper  Hewitt  of  New  York  City  has  sui 
ceeded  in  making  a  vacuum  tube  lamp  of  several  hundred  candli 
power,  and  having  a  very  high  efficiency  of  about  \  watt  per  candl 
power  ;  but  these  very  promising  results  have  not  been  publish 
and  his  methods  up  to  the  present  time  have  not  been  applii 
commercially. 

The  chief  advantages  to  be  expected  from  vacuum  tube  lam 
are  high  efficiency,  long  life,  and  distribution  of  light.     The  I 
is  due  to  the  large  volume  from  which  the  light  is  given  off; 
example,  a  tube  one  foot  long  and  an  inch  in  diameter,  or  even 
larger,   is    lumincus   throughout.      In   the   ordinary  incandescent 
lamp  the  light  is  emitted  from  a  filament  six  to  ten  inches  long 
and  a  few  thousandths  of  an  inch  in  diameter.     This  is  practicaJly. 
a  line,  and  produces  too  sharp  an  image  upon  the  retina,  as  show 
by  the  fact  that  it  persists  after  the  eye  is  shut  or  turned  a\^-a; 
from  the  light. 

The  vacuum  tube  should   have  a   long   life,   since   the  lighl 
giving  body  being  a  gas,  and  not  a  solid,  is  not  worn  away.     On 
the  other  hand,  the  degree  of  vacuum  may  rise  or  fall  owing  to 
absorption  of  the  gas  or  leakage  of  air,  in  either  case  changing 
the  resistance  of  the  tube  and  interfering  with  constancy  of  action 
The  high  efficiency  of  a  vacuum  tube  results  from  the  fact  that 
gas  or  \'apor  may  be  raised  to  a  much  higher  temperature  than 
a  solid.     The    consequence   is,  the    quantity  of   light   emitted  is, 
hicreascd  in  comparison  with  the  emission  of  heat.     In  fact,  su 
sources  are  often  said  to  give  "light    without  heat,"  but  in  most 
cases  heat  is  given  off  with  the  light.     Nevertheless,  it  is  true 
that   a  glow-worm,   for  example,  or   some    phosphorescent   body, 
radiates  a  large   part  of  its  energy  within  the  visible  spectrum,; 
the  proportion  of  the  longer,  non-visible  waves,  called  radiant  heal 
being  far  less  than  with  ordinary  sources  of  light. 

There  appears  to  be  a  discrepancy  between  the  statements  thai 
the  temperature  in  a  vacuum  tube  is  high,  and  yet  the  heat  gi%'< 
off  is    small,  but  these  are  easily  reconciled.     If  a  110- volt,  1 
candle-power  kmp  is  supplied  with  about  125  volts,  it  will  gi' 
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32  candle-power.  The  power  consumed  is  increased  in  about  the 
ratio  110^:  1*25^  =  12100  :  15625,  or  about  SO  per  cent,  as  shown 
on  page  421.  Hence  the  rate  of  the  total  emission  of  energy  is 
raised  30  per  cent,  but  the  light  emitted  is  doubled.  Thus  the 
quantity  of  heat  for  the  same  amount  of  light  would  be  only 
130  -i-  2  =  65  per  cent  as  great  as  before.  By  carrying  this  still 
further,  the  proportion  of  heat  to  light  can  be  reduced  very  greatly, 
and  what  is  called  "  light  without  heat  "  may  be  produced.  It  is 
also  a  fact  that  the  temperature  of  the  filament  is  increased  at  the 
same  time,  but  in  order  to  give  the  same  candle-jxiwer  its  mass 
may  be  diminished.  This  applies  exactly  to  a  vacuum  tube  lamp 
in  which  the  mass  is  very  small,  but  the  temperature  of  the  indi- 
vidual particles  is  raised  to  a  high  poini  by  the  passage  of  electric 
current  or  discharge.  It  is  possible  that  the  electrical  effect  upon 
the  atoms  or  ions  may  be  somewhat  different  from  what  is  ordi- 
narily called  high  temperature ;  but  it  amounts  to  the  same  thing, 
since  high  rates  of  vibration  or  short  wave  lengths  are  produced. 

In  the  experiments  of  Tesla^  luminous  discharges  were  created 
in  vacuum  tubes  or  even  in  the  open  air  by  a  high  frequency 
generator  (10,000  to  20,000  periods  per  second)  connected  to  the 
primary  of  an  induction  cuil,  the  secondary  nf  which  gave  very 
high  voltage.  He  also  emplf>yed  a  form  of  induction  coil  in  the 
primary  of  which  electrical  oscillations  are  set  up  by  sudden 
breaking  of  the  circuit,  producing  a  much  higher  frequency 
(100,000  or  more  periocis  jx^r  second),  and  therefore  giving  an 
extremely  high  voltage  with  only  a  few  turns  of  wire.  In  this 
way  vacuum  tubes  were  made  to  glow  by  holding  them  near  the 
terminals,  but  without  any  electrical  connection  to  them.  Such 
forms  of  apparatus  are  hardly  suitable  for  practical  use,  and  they 
involve  considerable  losses  from  leakage. 

Moore  employed  induction  tubes  with  connections  made  to 
them  in  the  usual  manner  and  operating  at  comparatively  low 
voltage  obtained  from  a  self-induction  coil  with  an  electromagnetic 
make-and-break  in  the  circuit.  The  latter  was  placed  in  a  vacuum 
in  order  to  give  a  sudden  break  and  to  avoid  burning  the  contact 
points,  but  even  with  this  precaution  such  a  device  is  likely  to  give 
trouble.  The  Wehnheldt  interrupter  may  be  substituted,  but  it 
is  doubtful  if  any  form  of  break  yet  devised  can  be  relied  upon  to 
act  for  the  long  periods  of  time  demanded  in  lighting  service. 
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The  tubes  developed  by  Hewitt  are  of  sufficiently  low  resi: 
aiice  to  operate  at  ordinary  pressures.  They  nxay  be  connect 
directly  to  the  present  110-volt  circuits  without  requiring  an 
step-up  transformer  or  make-and-break  device,  wliich  is  a  gre, 
advantage  from  the  practical  standpoint.  Unfortunately  it  requir 
about  1000  voks  to  start  the  discharge,  after  which  it  is  maintained 
by  110  volts,  _ 

The  Nernst  Lamp.  — The  type  of  lamp  invented  by  Professca^ 
Nernst  *  of  Gottingcn,  employs,  in  place  of  the  long  carbon  fila- 
ment of  the  ordinary  incandescent  lamp,  a  shorter  *^ strip  of  mate-, 
rial  which  is  an  insulator  at  ordinary  temperatures,  but  becomes 
good  conductor  and  luminant  at  high  temperatures."     Usually  it  ii 
composed  of  a  mixture  of  metallic  oxides,  such  as  magnesia,  yttria, 
zirconia,  thoria,  or  ceria.     Another  feature  of  the  Nernst  lamp  is 
the  fact  that  the  incandescent  material  is  not  burned  by  exposure 
to  the  air,  consequently  it  need  not  be  inclosed  in  a  vacuum. 

Since  the  filament  does  not  become  a  conductor  until  heated,' 
some  means  must  be  provided  to  raise  its  temperature  so  that  the 

current    may    flow  through    it.      Two 
melhods  are  employed,  one  consisting|H 
simply    in    applying    the    flame    of    a 
match  or  alcohol  lamp  directly  to  the 
filament  after  it   is  connected  to  the 
circuit.   WTien  its  temperature  is  raised 
sufficiently  the  current  passes  through^— 
it,  bringing  it  up  to  and  maintaining^ 
it  at  a  white  heat.     The  other  method 
is  automatic,  the  current  being  passed 
ihnnigh  a  spiral  H H  which  surrounds 
the  filament  F  (Fig.  378),  and  heats 
it  until  the  current  flows  through   it 
This  causes  the  magnet  J/  in  series  with  F  to  attract  its  arma- 
ture A  and  break  contact  with  the  screw  /*,  thus  disconnecting 
the  heating  spiral  H H  which  is  in  parallel  with  the  filament  F. 
When  the  lamp  is  turned  out   by  upL-ning  the  circuit,  the  spring 
5  brings  the  armature  A  back  into  contact  with  the  screw  /*,  and^ 
the  automatic  device  is  ready  to  act  again.     The  heating  de\'ic^| 
HH  is  of  porcelain,  which,  before  being  baked,  is  wound  with  a 

•  U.  S.  Patent  No.  C2.X811,  Apiil  25,  IHOa 


fig.   378.    Atitomatfo  iVernst  lamp. 
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great  many  turns  of  fine  platinum  wire.  During  the  baking  this 
wire  becomes  embedded  in  the  porcelain,  and  is  thus  held  firmly, 
only  the  outer  surface  being  visible.  The  resistance  R  consists 
of  iron  wire  placed  in  scries  with  the  filament  /%  so  that  the 
increase  in  resistance  of  the  former  compensates  for  the  decreasing 
resistance  of  the  latter,  when  the  temperature  rises. 

The  non-automatic  lamp  is  provided  with  an  open  globe  to 
permit  lighting  by  a  match ;  and  the  automatic  form  is  contained 
in  a  closed  globe,  but  it  need  not  be  air-tight.  These  lamps  may 
be  connected  in  parallel  to  the  ordinary  110  or  220  volt  circuits, 
and  are  claimed  to  have  a  high  efficiency  of  1.5  to  1.75  watts  per 
candle-power,  being  one-half  the  power  required  by  a  carbon  fila- 
ment giving  the  same  light.  On  the  other  hand  the  life  is  shorter, 
the  average  being  about  200  to  300  hours,  after  which  the  filament 
loses  its  strength  and  increases  in  resistance.  This,  however,  is  the 
only  part  that  is  used  up,  and  may  be  readily  renewed,  since  the 
lamp  is  not  hermetically  sealed.  The  light  is  whiter  than  that  of 
ordinary  incandescent  lamps,  and  the  filament  being  much  shorter, 
and  giving  25,  50,  or  100  candle-power,  produces  a  dazzling  effect 
on  the  eye  unless  a  ground  glass  or  equivalent  globe  is  used.  At 
the  Paris  Exposition  of  1900  the  Allgemeine  Elektricitats  Gesell- 
schaft  of  Berlin  exhibited  a  room  brilliantly  illuminated  by  Nernst 
lamps,  being  the  first  important  public  application. 
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CHAPTER   XIX. 


METERS. 


The  general    name  meter  may  be  applied  to  any  device  fi 
measuring  electrical  quantities,  and  we  have  many  forms  of  am  pen 
meter,  voltmeter,  wattmeter,  etc.     Ordinarily,  however,  the  term 
meter  or  electric  meter,  unless  combined  with  another  word,  means 
an  instrument   to  record,  regis ter,  or  integrate  current   in  ampere- 
hours    or   energy   in   \vatt-hours.     They  are    commonly  used 
stations  or  in  the  service  connections  of  the  various  consumers  t 
take  account  of  the  amount  of  current  or  energy  supplied. 

Classification  of  Meters.  —  Various  electrical  effects  have  been 
utilized  in  connection  with  meters,  and  the  latter  may  he  classifi 
from  that  point  of  view,  as  follows  : 


i 


Prindplc  cf  action. 
Electrochemical  effects. 
Electrical  heating  effects.  . 
Electromagnetic  effects 
Electrodynamic  effects. 
AlternatiTig  current  effects 


Example. 
Edison  meler. 
Forbes  meter. 
American  (Marks)  meter. 
Thomson  meter. 
Shallenberger  meter. 


Qualities  Required  in  Meters.  —  Few  devices  are  called  upon 
to  fulfill  so  many  and  such  difficult  conditions  as  those  under 
which  an  electric  meter  is  likely  to  work.  For  this  reason  its  de- 
velopment has  been  one  of  the  most  serious  problems  that  el 
trical  engineers  have  h.id  to  solve.  The  chief  qualities  that  a: 
required  or  desired  in  meters  are  the  following : 

1.  Accureicy.  Under  any  reasonable  conditions  a  meter  shoukl 
be  at  least  commercially  accurate,  that  is,  its  errors  should  not  ex- 
ceed 2  or  %  per  cent. 

2.  Range.     A  meter  should  measure  with  commercial  acci 
racy  for  any   load    from   the   maximum   down   to   the   small 
that  may  exist.      This  is  probably  the  most   difficult  condition 
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to  meet.  For  example,  a  meter  that  will  record  correctly  for 
lOO  lamps  is  not  generally  capable  of  acting  at  all  when  only 
one  lamp  is  burning.  Even  if  it  takes  some  account  of  a  single 
lamp,  the  record  would  be  very  inaccurate.  To  be  sure,  a  certain 
percentage  of  error  with  a  few  lamps  is  less  serious  than  for  many, 
but  it  often  happens  that  a  small  number  may  burn  nearly  all 
the  time,  in  which  case  the  aggregate  error  becomes  large- 

3.  ConsmnpfioH  of  Energy,  Practically  all  forms  of  meter 
consume  some  energy,  and  if  this  loss  goes  on  continyally  in  a 
great  many  of  them  it  may  amount  to  a  large  item  in  the  course 
of  a  year.  Hence  a  meter  should  waste  less  than  one  per  cent  of 
the  energy  that  it  measures,  and  this  loss  should  decrease  some- 
what in  proportion  to  the  load,  which  is  usually  the  case. 

4.  Drop  in  Voltage.  Besides  the  mere  consumption  of  power, 
it  is  even  more  objectionable  to  have  a  drop  in  voltage  on  a  con- 
stant potential  system,  especially  for  incandescent  lighting.  If 
the  current  C  passes  through  any  resistance  R  a  drop  C  R  is  pro- 
duced, hence  the  resistance  introduced  into  the  circuit  by  the 
meter  should  be  as  small  as  possible,  so  that  the  drop  at  full  load 
shall  not  exceed  |  per  cent  of  the  working  voltage.  In  a  watt- 
meter the  series  resistance  produces  such  a  drop  as  well  as  loss  of 
energy,  but  the  shunt  coil  merely  uses  a  very  small  portion  of  the 
current,  which  is  less  objectionable. 

5.  Durability.  It  is  very  important  that  none  of  the  parts 
should  be  likely  to  wear  rapidly  or  get  out  of  order. 

6.  Atii'Htion.  The  care  and  attention  required  should  be  small, 
and  frequent  inspection  or  testing  unnecessary. 

7.  Rigistratitm.  The  meter  should  record  or  register  in  a 
clear  manner,  so  that  the  consumer  can  read  it  at  any  time  and 
check  its  accuracy. 

8.  Testing.  It  should  be  an  easy  matter  to  test  the  meter 
and  verify  it. 

9.  C/teating,  The  meter  should  be  so  constructed  and  pro- 
tected that  it  is  nut  liable  to  be  tampered  with  in  order  to  change 
its  rcviding. 

10.  Cost.  The  price  should  be  sufficiently  low,  so  that  a  large 
deposit  or  rental  need  not  be  charged, 

11.  Aitemating  and  Direct  Currents .  It  is  desirable  that  a 
meter  may  be  used  for  either  kind  of  current  ;  but  it  is  generally 
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bought  for  one  or  the  other,  and  this  point  is  not  so  very  impor- 
tant. 

12.  Frequency.  It  is  desirable  also  that  variations  in  fre- 
quency should  have  no  effect ;  but  the  latter  being  fixed  in  most 
cases,  it  is  sufficient  to  adjust  for  it  in  the  first  pLce. 

13.  Portability.  A  meter  should  be  strong  enough  so  with 
moderate  care  it  may  be  carried  about  without  injur}'. 

It  cannot  be  expected  that  any  meter  will  fulfill  all  of  the 
above  conditions,  but  there  are  several  types  in  use  which  do  so 
reasonably  well. 

Methods  of  Charging  for  Electrical  Energy.  —  If  the  demand 
upon  an  electrical  generating  plant  were  uniform  at  all  times,  a 
simple  charge  of  a  certain  rate  per  k.  w.  hour  would  be  sufficient, 
possibly  giving  the  larger  consumers  a  lower  rate»  as  is  customary 
in  other  branches  of  business.  In  electric  lighting,  however,  the 
demand  varies  widely  at  different  hours  of  the  day  and  night, 
which  introduces  serious  difficulties  in  technical  as  well  as  business 
management.  For  example,  the  load  between  5  and  iS  p.m.  in 
winter  may  be  many  times  the  average  load.  It  is  customary  to 
call  the  ratio  of  the  average  load  to  the  maximum  the  "  load  factor.** 
This  is  often  as  low  as  10  %  and  is  rarely  higher  than  25  % 
in  electric  lighting.  The  use  of  energy  for  motors,  heaters,  etc., 
tends  to  make  the  demand  more  uniform,  and  therefore  raises  the 
load  factor.  It  is  evident  that  the  capacity  of  machinery,  etc..  in 
an  electric  lighting  plant  must  be  somewhat  greater  than  the 
maximum  demand,  in  order  to  give  a  margin  in  case  of  break- 
down of  part  of  the  apparatus.  Hence  an  increase  in  the  load  at 
its  maximum  point  requires  a  corresponding  increase  in  capacity. 
On  the  other  hand,  the  demand  upon  the  system  during  hours  in 
the  day  when  the  load  is  light  can  be  taken  care  of  without  any 
increase  in  plant.  In  other  words  the  station  can  afford  to  sell 
energy  at  a  much  lower  rate  during  those  hours.  A  striking 
illustration  of  the  importance  of  this  point  is  the  fact  that  about 
one-quarter  of  the  generating  machinery  in  electric  lighting 
stations  is  used  only  50  to  100  hours  per  year,  and  may  be  prac-^ 
tically  idle  during  all  the  rest  of  the  time.  These  hours  areB 
usually  between  5  and  7  p.m.  during  December  and  January. 
It  is  quite  evident  that  this  machinery  cannot  possibly  cam  its 
interest  and  depreciation  charge  durings  these  few  hours  at  ordi- 
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nary  rates.  It  is  necessary,  however,  to  install  it  in  order  that 
the  business  may  be  held  for  the  rest  of  the  year.  Various 
attempts  have  been  made  to  take  account  of  these  points  in 
charging  for  energy^  and  also  to  encourage  its  use  at  those  hours 
when  it  can  be  delivered  more  economically.  The  several  plans 
for  selling  electrical  energy,  some  of  which  take  account  of  these 
conditions,  are  as  follows  :  ^ 


ICETHOBS  OP  CHA&QIHO  FOH  £L£CTRICAI.  EVEBOT. 

1st,  Contract  \o  supply  a  cer lain  number  of  lamps  at   a  fixed  price  per  month, 

whether  they  are  used  or  not. 
2d.  Mft^r  with  "flat"  (I.e.,  nniform)  rate. 
3d,  M<tir  taking  account  of  maximum  demand. 

4th.  Metet\  with  hvo  or  mon  mtts  of  charge  for  different  pericwis  of  the  day. 
6th,  Fixed  iharge  for  energy //«j  a  graded  charge  for  the  maximum  capacity. 
6th.  Prepaymtnt  meler,  which  only  allows  energy  to  be  delivered  for  a  certain 

coin  depo&ited. 

The  contract  system  of  charging  a  fixed  amount  for  a  certain 
number  of  lamps  was  commonly  adopted  in  the  early  days  of 
electric  lighting,  except  in  Edison  systems  using  the  chemical 
meter.  For  street  lighting,  and  other  service  requiring  lights  for 
a  definite  time,  this  system  is  satisfactory,  but  for  residence  light- 
ing it  is  quite  unsatisfactory,  because  the  consumer  is  likely  to  burn 
the  lamps  for  the  full  time  when  they  are  not  needed.  This  wastes 
a  large  amount  of  energy,  which  must  ultimately  be  paid  for  by  the 
users.  In  such  cases,  and  in  fact  for  general  use,  some  form  of 
meter  should  be  adopted.  The  common  plan  is  to  charge  a  cer- 
tain price  per  lamp-hour  or  k.  w.  hour,  which  is  graded  according 
to  the  amount  used.  For  example,  a  common  practice  is  to 
charge  one  cent  per  lamp-hour,  if  the  consumption  is  equivalent 
to  the  full  number  of  lamps  burning  for  one  hour  per  day ;  |  cent 
if  equivalent  to  two  hours,  and  so  on.  This  accomplishes  its  pur- 
pose fairly  well,  but  fails,  however,  to  take  into  account  the  par- 
ticular time  at  which  the  lamps  are  burned.  The  latter  point  may 
be  covered  by  using  a  two-rate  meter,  which  separates  the  energy 
consumed  during  certain  hours  from  that  used  during  the  rest  of 
the  time,  a  higher  rate  being  charged  for  the  former.  One  way 
of  accomplishing  this  is  to  use  two  separate  meters  which  are 
switched  in  or  out  of  the  circuit  by  clock-wnrk.  Another  plan  is 
to  cause  the  meter  to  run  faster  during  the  time  that  a  higher 
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charge  is  to  be  made,  thus  arriving  at  the  same  result.  The 
prepayment  meter  is  not  intended  to  accomplish  any  of  these 
ends,  but  is  simply  to  avoid  the  necessity  for  giving  credit. 

The  arbitrary  method  of  charging  a  certain  price  per  unit  for 
one  quantity,  and  i  as  much  for  a  greater  quantity,  is  objection- 
able, because  it  leads  to  the  absurd  result  that  one  may  retluce  the 
amount  of  his  bill  by  using  a  little  more  current.  The  sliding- 
scale,  in  which  the  reduction  is  a  cerlaiii  percentage  of  the  amount 
used,  would  avoid  this  difficulty.  It  might  not  be  quite  so  easily 
understood  as  a  certain  price  per  lamp-hour,  but  customers  would 
soon  understand  this  plan.  It  would  seem  to  be  practically  im- 
possible to  make  a  perfectly  fair  arrangement  between  producers 
and  consumers;  but  a  reasonable  approximation  can  be  reached, 
which  is  close  enough  for  ordinary  business  purposes. 

The  Edison  Chemical  Meter  was  the  first  successful  type,  and 
many  thousands  of  them  were  in  regular  and  satisfactory  service 
for  a  number  of  years.  For  reasons,  given  later,  they  have  been 
replaced  by  other  forms  operating  mechanically.  In  principle,  this 
meter  is  based  upon  Faraday's  law,  according  to  which  the  amount 
of  electrochemical  action,  for  example,  the  weight  i>i  metal  de- 
posited or  dissolved  in  an  electrolytic  cell,  is  directly  proportional 
to  the  current,  the  chemical  equivalent,  and  ihe  time.  The 
ampere,  as  legalized  in  all  important  countries,  being  defined  in 
terms  of  the  weight  of  silver  deposited,  this  principle  is  funda- 
mentally correct.  Fur  reasons  of  cheapness  and  as  a  result  of 
numerous  experiments,  Edison  adopted  zinc  as  the  best  metal  for 
the  purpose. 

The  meter  consists  of  a  cell  C,  containing  a  solution  of  zinc 
sulphate  having  a  density  of  1,11,  in  which  two  zinc  electrodes, 
A  and  B^  are  immersed.  These  are  kept  parallel  and  at  a  fixed 
distance  apart  by  hard-rubber  bolts.  Connection  is  nnade  to  them 
by  c€>ppcr  rrxls  inserted  in  their  upper  ends,  as  indicated.  In  one 
of  the  main  conductors,  -f  nr  —  which  supply  the  lamps  /,,  whose 
current  is  to  be  measured,  a  german-silvcr  shunt  .V  is  introduced, 
having  a  certain  resistance  that  is  practically  constant  for  ordinary 
temperature  changes. 

The  electrolyte  in  the  cell  has  a  certain  resistance,  which 
decreases  with  rise  of  temperature  ;  and  in  series  with  it  is  a  coil 
J^  of  copper  wire  whose  resistance  increases  with  temperature,  the 
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two  being  proportioned  so  that  they  compensate  each  other  and 
keep  the  resistance  of  the  eel]  circuit  almost  perfectly  constant  for 
ordinary  changes  in  temperature.  The  resistance  of  the  coil  R  is 
about  4  times  that  of  the  bottle,  and  the  two  together  have  many 
times  the  resistance  of  the  shunt  5,  so  that  a  certain  small  fraction 
of  the  total  current  passes  through  the  cell,  dissolving  zinc  from  the 
anode  A  and  depositing  it  upon  the  cathode  C.  Once  each 
month  the  electrodes  are  removed  from  the  cell,  being  replaced  by 
others,  and  the  loss  in  weight  of  the  anode  b  carefully  weighed 
by  a  chemical  balance.  This  loss  in  grams  multiplied  by  the  ratio 
of  resistances  of  the  two  branches  of  the  circuit  and  divided  by 
.000337,  the  electrochemical  equivalent  of  zincj  gives  the  total 
number  of  ampere-seconds  during  the  month. 

The  possible  sources  of  error  are  due  to  iempeniturc  chtwges^ 
which  are  almost  perfectly  compensated  in  the  cell  circuit  as 
already  explained,  and  only  vary  the 
shunt  S  about  \  per  cent  for  \rfC 
above  or  below  the  normal.  The  cell 
has  a  certain  counter  E.ALF.  of  .001 
to  ,003  volt,  which  introduces  an  error 
at  loads  less  than  3  per  cent  of  the 
maximum,  Oxidatum  of  the  plates 
also  occurs  and  is  allowed  for,  other- 
wise the  loss  in  weight  would  appear 
too  low.  The  drop  produced  in  the 
main  circuit  is  small  even  at  full  load,  being  only  about  \  %. 

With  reasonable  care  this  meter  is  fairly  accurate ;  but  the 
trouble  of  collecting  and  weighing  the  plates,  and  the  fact  that  the 
consumer  cannot  read  the  record  himself,  has  lead  to  the  substi- 
tution of  more  convenient  forms. 

ThomsoQ  Recording  Wattmeter.  —  This  type,  developed  by 
Professor  Elihu  Thomson,  and  used  in  very  large  numbers  in  this 
country  and  abroad,  is  essentially  an  electric  motor.  The  general 
appearance  of  the  standard  two-wire  form  for  direct  or  alternating 
currents  is  shown  in  Fig.  380,  and  the  connections  in  Fig.  381, 
The  field  magnet  of  the  motor  consists  of  two  stationary  coils  of 
heavy  wire  directly  in  series  with  one  of  the  main  supply  con- 
ductors, so  that  the  entire  current  to  be  measured  passes  through 
them.      An  armature  provided  with  a  winding  of  many  turns  of 
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fine  wire  and  having  a  resistance  in  series  with  it  is  connected  ' 
across  the  circuit  between  the  main  conductors,  and  is  mounted 
to  rotate  on  a  vertical  axis  between  the  two  field  coils.  The 
armature  is  equipped  with  a  miniature  silver  commutator  and  with 
brushes  similar  to  those  of  a  direct  current  motor,  but,  like  the 
field  coils,  does  not  contain  any  iron  core.  Since  the  magnetic 
circuit  passes  through  air  and  other  non-magnetic  materials,  the 
flux  through  the  armature,  though  small,  is  directly  proportional 
to  the  main  current.     The  armature  circuit  having  a  constant  high 
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resistance  connected  across  the  two  supply  conductors,  takes  a 
current  exactly  proportional  to  the  voltage  between  them.     Hence 

Lthe  torque  of  the  motor  is  in  proportion  to  the  product  of 
these  two  currents  or  to  the  number  of  watts  supplied  at  any 
instant.  A  copper  disc  mounted  upon  the  shaft  of  the  motor 
revolves  between  the  poles  of  permanent  magnets,  as  shown  in 
Fig.  380,  and  acts  as  a  brake,  owing  to  the  Foucault  currents 
generated  in  it.  These  currents  being  directly  proportional  to 
the  speed,  the  armature  will  rotate  twice  as  fast  with  twice  the 
I 


I 


torque  ;  consequently  the  revolutions  per  minute  are  directly  pro- 
portional to  the  power  supplied  in  watts.  The  total  number  of 
revolutions  in  any  given  time  represents  the  energy  in  watt-hours. 
A  train  of  wheels  operates  a  series  of  five  dials  representing 
1,111,100  units,  usually  watt-hours,  and  readings  taken  periodi- 
cally show  the  energy  consumed  during  the  intervals. 

It  is  evident  that  a  motor  meter  requires  a  certain  current  to 
overcome  friction,  and  would  fail  to  record  any  current  below  this 
limit.  In  order  to  overcome  this  difficulty,  an  auxiliary  field  coil 
of  fine  wire  marked  "shunt  "  in  Fig.  381  is  put  in  series  with  the 
armature.  Since  the  latter  is  connected  across  the  main  con- 
ductors, the  current  through  it  depends  solely  upon  the  voltage 
whether  any  lamps  are  burning  or  not.  The  resistance  of  the 
armature  circuit  is  so  adjusted  that  this  current  passing  also 
through  the  shunt  coil  develops  a 
torque  almost  sufficient  to  over- 
come friction  ;  hence  any  current 
flowing  in  the  main  circuit  and 
field  coils  will  produce  its  full 
efifect  in  rotating  the  armature. 
If  the  armature  current  is  too 
strung  it  will  cause  slow  rotation, 
even  when  no  lamps  are  burning, 
and  this  '* creeping"  should  be 
stopped  by  reducing  the  number  of  turns  in  the  shunt  field  coil 
until  the  armature  is  not  quite  able  to  turn  when  no  current  for 
lighting  or  other  purposes  is  being  used. 

The  accuracy  of  the  meter  also  requires  that  a  certain  number 
of  watts  supplied  shall  produce  the  proper  number  of  revolutions 
j  per  minute.  Ordinarily  60  watts  should  cause  the  armature  to 
rotate  once  per  minute,  and  so  on  for  other  loads.  Measuring 
tthe  power  with  a  wattmeter,  or  putting  on  a  known  load  of  lamps, 
enables  the  accuracy  of  the  meter  to  be  tested  by  counting  the 
revolutions  per  minute.  If  found  incorrect,  the  speed  may  be 
lowered  by  setting  the  perm:incnt  magnets  farther  out,  or  vice 
versa,  an  adjustment  of  about  10  %  being  possible.  Since  a 
reversal  of  current  in  both  field  and  armature  of  a  motor  does 
not  change  the  direction  of  rotation,  an  alternating  current  may 
be  measured  bv  this  same  instrument.     The  absence  of  iron  cores 
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avoids  any  troubles  from  hysteresis  or  eddy  current;  but  it  is' 
necessary  that  the  reactance  of  the  armature  circuit  should  be 
very  small  compared  with  its  resistance,  a  condition  which  is 
(ulfilled  by  inserting  resistance,  as  explained  in  relation  to  Fig.  381. 
A  lag  in  the  main  current  due  to  the  load  itself,  as  in  the  case  of  fl 
arc  lamps  or  motors,  does  not  introduce  any  error,  since  the 
instrument  properly  measures  and  integrates  the  true  energy  in 
watt-hours. 

Special  Forms  of  Thomson  Meter  are  made  for  various  pur- 
poses.    The  type  whose  connections  are   shown  in   Fig,  382  is  fl 
designed  for  direct  or  allernating  current  three-wire  circuits.     In  " 
this  case  one  main  field  coil  is  connected  in  series  with  each  of 
the  outer  conductors,  the  armature  circuit,   including  the  shunt 
field,  being  connected  between  the  neutral  and  one  of  the  outer 


:  t    ■ — • 


Fig,  382.     Thomson  Thfae'Wite  MgUr. 


Fif.  383.    ktHtr  for  Largt  CurrtirtM. 


conductors,  assuming  that  the  two  sides  of  the  system  are  per- 
fectly balanced.  It  may  also  be  connected  across  both  sides,  thus 
measuring  the  total  voltage  ;  but  the  armature  will  then  rotate 
twice  as  rapidly,  for  which  fact  adjustment  or  allowance  should  be 
made.  The  currents  on  either  or  both  sides  of  the  system  pro- 
duce their  full  effect  in  the  main  field  coils.  fl 

The  meters  already  described  may  be  used  for  secondary  or 
other  low-voltage  alternating  circuits,  but  for  primary  or  high- 
voltage  circuits  a  modified  form  is  applicable.  The  modification 
consists  in  inserting  a  small  meter-transformer,  which  reduces  the 
high  voltage  to  a  mo<.lerate  value  proportional  to  the  original,  the  ^ 
instrument  being  calibrated  accordingly.  f 

For  measuring  very  large  direct  or  alternating  currents,  as  in 
generating  plants,  the  field  magnetism   is  produced  by  a  single 
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bar  of  copper  which  passes  between  two  armatures,  as  represented 
in  383,  the  arrangement  in  other  respects  being  similar  to  that 
already  described. 

Two  or  three  phase  currents  may  be  measured  by  means  of 
a  separate  meter  connected  in  each  phase.  If  the  energy  of  the 
two  or  three  phases  is  kept  balanced,  one  meter  in  one  phase  is 
suflficient,  its  readings  being  multiplied  by  two  or  three  as  the 
case  may  be.  Fur  unbalanced  circuits  the  two  or  three  separate 
instruments  may  be  combined  in  one,  as  illustrated  in  Fig.  384. 


f/ff.  3S4.     Thomson  Pai^phm*  tt*i»r. 


H  A  single  instrument  of  this  kind  is  capable  of  recording  cor- 
Hrectly  the  lolai  load  on  balanced  or  unbalanced  two-phase,  three- 
phase,  or  monocyclic  circuits,  and  saves  space,  expense,  as  well  as 
the  trouble  of  reading,  and  keeping  account  of  two  or  more 
sets  of  dials.  In  many  cases,  however,  sepnrate  meters  are  em- 
ployed  for  the  different  phases  of  current.  The  arrangement  for 
unbalanced  three-phase  or  monocyclic  circuits  is  shown  in  F"ig. 
385.  One  meter  is  connected  to  one  branch  of  the  circuit,  and  a 
second  to  another  branch  ;  but  none  is  required  in  the  third  branch, 
since  no  current  can  finw  in  it  without  passing  through  one  or 
both  of  the  (ft her  branches.     The  algebraic  sum  of  the  readings 
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fig.  3US.     Fotifptiaaa  Ctrctstt  with  Two  Meters. 

of  the  wattmeters  causes  it  to  have  a  negative  reading,  hence  the 
difference  between  the  two  readings  is  equal  to  the  actual  powerJ 
Fn  electric  lighting  the  power  factor  is  always  greater  than  .oO, 
and  even  with  motors  on  the  circuit  it  should  be  kept  above  that 
value.     This  arrangement  is  adapted  to  secondary  or  other  low-] 
voltage  circuits;  for  primary  or  other  high-voltage  circuits,   the^ 
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connections  are  similar,  except  that  the  pressure  is  reduced  by 
meter-transformers  as  already  explained. 

For  three-phase  circuits  with 
Y  connection  (p.  144),  three  sep- 
arate meters  may  be  used,  one  in 
each  branch,  but  the  single  or 
the  two-instrument  arrangements 
are  generally  preferred. 

Scn'i's  or  Arc-Circuit  Meier. 
—  The  Thomson  instrument  is 
adapted  also  to  constant  current 
circuits  for  series  arc  or  incan- 
descent lighting,  the  connections 

being  represented  in  Fig,  386.     The  field  coils  of  coarse  wire  are 

connected  in  series  with 
one  main  conductor  carry- 
ing the  full  current,  the 
same  as  for  constant  po- 
tential circuits.  In  this 
case,  however,  a  cut-out 
is  provided  which  short- 
circuits  the  line  at  that 
point  in  case  the  circuit  is 
opened  beyond.  The  cut- 
out magnet  is  operated  by 
coils  in  series  with  a  high 
resistance  and  connected 
across  the  line  wires.  The 
armature  is  shunted  across 
a  portion  of  this  resistance, 
as  shown,  and  therefore  re- 
ceives a  certain  small  frac- 
tion of  the  line  voltage,  so 
that  with  proper  calibra- 
tion the  meter  registers  the 
watt-hours  consumed  in 
that  portion  of  the  circuit. 
The  Shallenberger  Meter  illustrated  in  Fig.  887  is  a  promi- 
nent fornix  having  been  made  for  many  years  by  the  Westinghouse 
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Company.  It  is  of  the  motor  type,  but  is  applicable  only  to  alter- 
nating currents  and  records  ampere-hours  but  not  watt-hours.  I 
consists  of  large  fixed  coil  having  a  few  turns  of  heavy  wire  through 
which  passes  the  entire  current  to  be  measured.  Inside  of  this, 
and  at  an  angle  to  it,  is  placed  a  closed  copper  coil.  Within  the 
latter  a  thin  metallic  disc  is  mounted  to  rotate  upon  a  vertical 
spindle  connected  at  its  upper  end  with  a  train  of  recording  gears 
and  equipped  below  with  four  aluminium  fan  blades.  When  an 
alternating  current  passes  through  the  large  coil,  it  acts  as  a 
primary,  and  induces  a  current  in  the  closed  or  secondary  coil. 
The  magnetic  field  produced   by  the  secondary  is  at  an  angle  to 

that  of  the  primary,  and 
the  two  combine  to  form 
a  resultant  field ;  but  as 
their  alternations  do  not 
coincide  in  time  thedirec-B 
tion  of  this  resultant  is 
continually  shifting  and 
produces  a  rotating  field, 
as  explained  on  page  146. 
The  metallic  disk  tends  to 
rotate  in  unison  with  the 
field,*  but  is  retarded  by  fl 
the  fan  blades.  This  de- 
vice being  in  principle 
an  induction  motor,  its 
torque  increases  as  the 
square  of  the  primary  current ;  but  since  the  resistance  to  rotation 
rises  as  the  square  of  the  speed  (at  moderate  values),  the  number 
of  revolutions  per  minute  are  directly  proportional  to  the  current, 
which  is  the  condition  required.  fl 

The  Westinghouse  Integrating  Wattmeter  (Fig.  388)  is  also  of  ™ 
the  induction  motor  type,  but  differs  from  the  Shallenbcrger  instru- 
ment, in  having  in  addition  to  the  series  coils  a  shunt  winding,  the 
effect  of  which  is  proportional  to  the  voltage,  so  that  watt-hours 
are  recorded.  Since  a  rotating  aluminium  disk  is  acted  upon  by 
induction,  it  can  be  used  only  with  alternating  currents.  The 
moving  parts  being  very  light  require  only  1.25  watts  in  the  shunt 
winding,  and  even  less  in  the  series  coils.     The  former  advantage 


fig.  368. 


I 


J 


fig.  389.     Cannectiona  for  Two-phase  Westhighouse  MettrM. 

to  the  circuit.  With  higher  voltages  or  heavier  currents  a  potential 
transformer  is  used  to  reduce  the  i>rcssure  for  the  shunt  winding, 
and  a  series  transformer  is  inserted  in  one  of  the  main  conductors 
to  obtain  a  smaller  but  proportionate  current  for  the  series  coil. 
The  connections  for  a  two-phase  circuit  are  shown  in  Fig.  389,  a 
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potential  transformer  for  each  phase  being  placed  below  and 
smaller  series  transformer  for  each  phase  above,  with  all  foi 
secondary  wires  leading  to  a  single  meter  in  the  center, 
energy  is  brought  from  two-phase  generators  by  four  wires  frc 
the  rights  and  after  being  measured  is  carried  to  the  lamps  by  foi 
wires  on  the  left.  The  dials  record  the  total  energy  supplied  in 
all  the  branches  of  a  polyphase  circuit  into  which  the  wattmeter 
is  connectedi  no  niuhiplier  being  necessary. 

The  Duncan  Integrating  Wattmeter,  represented  in  Fig.  390,  id 

another  well-known  form  of 
the  induction   motor  type 
for     alternating     currents 
only.    It  comprises  a  scries  ■ 
field  core  of  laminated  iron     i 
with     inwardly     projecting 
poles    carrying   the   series 
coils,    between    which   the 
armature  —  an    inverted 
aluminium  cup  —  rotates 
upon  a  vertical  spindle,  as 
shown.      The    shunt    coil 
placed  inside  of  the  arma- 
ture, with  its  axis  at  right 
angles  to  that  of  the  series 
coils,  is  also  wound  upon  a 
laminated  iron  core,  being 
stationary    and    supported 
from  below  by  a  brass  arm. 
The  upper  end  of  the  ann- 
ature  spindle  carries  a  gear 
driving  the  train  of  dialSiS 
and  on  the  lower  end  is  mounted  the  retarding  disk  of  aluminium^ 
which   revolves   between   the   poles  of   two   permanent   magnets* 
The  so-called   compensator  is  a   copper  ring  with  an  iron  core 
shown  in  front  of  the  armature  and  supported  by  a  movable  arm^ 
By  adjusting  its  position,  friction  may  be  overcome  and  at  the" 
same  time  "creeping"  avoided.     The  lower  bearing  of  the  spindle 
is  of  sapphire  and  the  spindle  point  of  hardened  steel,  both  ot 
which  are  easily  renewable. 
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The  Gutmanii  Integrating  Wattmeter  is  similar  in  principle  to 
the  Westinghouse  and  Duncan  instruments,  being  of  the  induction 
motor  type  with  series  and  shunt  windings,  and  is  adapted  only  to 
alternating  currents.  The  arrangement  of  the  dials,  retarding 
disk  and  ejther  parts  is  also  similar,  but  the  armature  or  rotating 
member  is  a  diagonally  slotted  aluminium  cylinder. 

The  American  Integrating  Amperemeter,  illustrated  in  Fig.  3H1, 
diff-rs  radically  from  those  already  described,  both  in  principle 
and  in  construction.  It  consists  of  a  solenoid  and  core  placed 
above  a  self-starting  pendulum,  actuated  by  the  electric  current. 
The   pendulum,  by  means   of  a   cam,  raises  a  pawl  on  a  ratchet 
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f/j.  J#f,     7H*  American  integrating  Ampertmtttr, 

wheel  to  a  uniform  height  each  stroke.  The  solenoid,  by  means 
of  its  core,  shifts  the  angular  position  of  a  pendent  arch  attached 
to  its  axis  so  as  to  permit  this  pawl  to  drop  along  the  ratchet 
wheel  a  number  of  teeth  proportional  to  the  current  passing 
through  the  meter ;  thus  at  each  stroke  of  the  pendulum  the  load 
in  amperes  passing  to  the  consumer  is,  by  means  of  the  ratchet 
wheel  and  the  counter  register,  measured  and  added  up  in  ampere- 
hours. 

'  The  pendulum  ceases  to  swing  when  no  lamps  are  burning ;  but 
as  soon  as  any  arc  turned  on,  and  current  flows  in  the  main  con- 
ductor! the  pendulum  is  started  automatically,  being  actuated  by  a 
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shunt  circuit  across  the  mains.  The  form  illustrated  is  for  use  on 
a  three-wire  system,  both  of  the  outer  conductors  being  canwl 
through  the  solenoid,  as  indicated,  so  that  its  action  upon  the  co 
and  therefore  the  ixjsition  of  the  latter,  depends  upon  the  co 
bined  effects  of  the  two  currents,  thus  measuring  the  total  lo 
on  both  sides  of  the  system.  The  core  of  soft  iron  is  magnciiz 
to  saturation  by  a  winding  in  circuit  with  the  coil  that  drives  1 
pendulum,  the  object  being  to  avoid  variations  due  to  hysteresis 
Having  this  construction,  the  instrument  measures  ampere-hours 
simply,  since  ordinary  changes  in  voltage  would  produce  no  ap- 
preciable  effect.  ^ 

The  Ferranti  Meter  used  in  England  is  based  upon  the  prinqH 
pie  that  a  conductor  carrying  a  current  in  a  magnetic  field  tends 
to  move  in  a  direction  i)crpcndicubr  to   the  current   and  to  the 
lines  of  force-      In  this  case  the  conductor  consists  of  mercury  con- 
tained in  a  shallow  circular  chamber  placed  between  the  poles  d\ 
magnet  excited  by  a  coil  through  which  the  main   current  pviss 
This  current  also  flows  radially  through  the  mercury  being  intn 
duccd  at  the  center  by  a  pin,  and  taken  off  at  the  periphery  I 
a  metallic  rim.     The  retarding  force  is  that  due  to  fluid  fric 
of   the  mercury  against    the    inner   surface  of    the    chamber, 
which  radial  grooves  are  formed  to  increase  the  effect  and 
it  as  nearly  as  possible  proportiooLil  to  the  square  of  the  sp 
Since  the  current  fluws  in  both  the  magnet  and  the  mercury,  th 
driving  force  is  proportional  to   the   square  of  the  current, 
the  speed,  therefore,  increases  directly  with  the  current.     A  nt 
dipping  in  the  mercury  transmits  the  motion  of  the  latter  to  the 
counting  dials  by  means  of  a  small  sfiindle.     The  driving  fo 
due  to  residual  magnetism  is  designed  to  overcome  the  retardia 
force  due  to  the  solid  friction  of  the  parts.      It  is  evident  that  tfa 
instrun^ent  measures  ampere-hours  and  not  watt-hours. 

The    Aron    Meter    consisted    originally   of    an    oroinary  clo 
having  a  permanent  magnet  fnr  the  bob  of  the  pendulum,  bch 
which  was  placed  a  coil  with  its  axis  vertical.     The  current  to 
measured  passed  through  the  coil  in  the  direction  to  repell 
magnet,  thus  neutralizing  a  part  of  its  gravity  which  caused 
clock  to  lose  time.     The  loss  of  time  in  any  period  enabled  t| 
ampere-hours  during  that  period  to  be  determined.     A  later  form 
comprised  two  separate  clocks,  one  acting  normally  and  the  ott 
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Ibcing  influenced  by  the  current.  The  two  trains  of  wheels  were 
>nnected  by  a  differential  gear  to  a  third  train  with  dials  and 
pointers  which  indicated  the  difference  in  action  of  the  two  clocks, 
being  calibrated  in  ampere-hours.  This  type  involves  two  obvious 
difficulties  :  one  is  the  trouble  of  winding  the  clocks,  and  the  other 

lis  the  practical  impossibility  of  keeping  correct  a  large  number  of 
clocks  of  reasonable  cost.  These  objections  are  overcome  in  a 
still  more  recent  forna  which  is  made  self-winding  by  the  action  of 

Jthe  current,  and  each  pendulum  is  acted  upon  by  a  coil  so  that  one 
is  accelerated  and  the  other  retarded,  thus  doubling  the  effect. 
Furthermore,  at  frequent  intervals  the  connections  of  the  coils  are 
reversed,  so  that  first  one  and  then  the  other  pendulum   is  the 

■  faster,  the  difference  between  the  two  being  always  registered  on 
the  dials.    In  this  way  even  a  considerable  deviation  from  accuracy 

tin  one  or  both  of  the  clocks  is  eliminated  by  the  constant  reversal 
of  their  relations.  Another  feature  in  the  improved  Aron  instru- 
ment is  the  substitution  of  a  shunt  coil  for  the  permanent  magnet 
on  each  pendulum,  thus  converting  it  into  an  integrating  watt- 
meter. It  is  adapted  to  either  direct  or  alternating  currents,  and 
is  made  in  forms  suitable  for  two-wire,  three-wire,  and  other 
circuits. 

The  Terms  Integra  it  tig-.  Recordings  and  Registering  Meter  are 
all  used  for  designating  the  various  devices  described  in  this  chap- 
ter.    The  first  is  certainly  correct,  since  in  most  cases  the  instru- 
ment merely  integrates  or  sums  up  the  total  number  of  ampere- or 
watt-hours,  without  making  any  record  of  the  almost  constant  vari- 
iations  in  load  which  usually  occur.     There  are  also  instruments 
commonly  called  recording  volt-,  amfwre-,  or  wattmeters,  in  which 
_a  line  is  traced  out  on  paper  showing  the  number  of  volts,  etc.,  at 
I  any  time  during  the  entire  twenty-four  hours.     By  using  an  am- 
pere- or  wattmeter  of  this  kind  and  properly  integrating  the  record 
obtained,  the  number  of  ampere- or  watt-hours  may  be  determined. 
This  is  much  less  convenient,  however,  than  an  instrument  which 
utomatically  performs  the  integration  and  gives  the  result  on  a 
ial.     On  the  other  hand,  the  maximum  demand  and  other  values 
would  all  be  shown,  so  that  a  charge  could  be  made  taking  them 
into  account,  as  explained  in  the  beginning  of  this  chapter.     As  a 
knatter  of  fact,  such  instruments  are  rarely  used  except  to  ascertain 
ithe  uniformity  of  voltage,  etc.,  when  it  is  desired  to  have  it  con- 
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stant,  and  are  used  merely  as  a  check  on  the  regulation.  It  has 
been  proposed  to  distinguish  between  this  class  and  those  which 
integrate,  by  calling  the  former  recording  and  the  latter  register- 
ing ;  but  common  usage  is  the  other  way,  and  the  term  integrating 
meter  is  more  distinctive  for  the  latter.  In  most  cases  the  simple 
word  "  meter  "  is  understood  to  mean  the  integrating  instrument, 
whether  used  for  measuring  gas,  water,  or  electrical  quantities. 
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"NATIONAL  ELECTRICAL  CODE" 


RULES  AND  REQUIREMENTS 


OF  THE 


National  Board  of  Fire  Underwriters 


■  WIRING  AND  APPARATUS 

I        FOR    ELECTRIC   LIGHT,    HEAT»   AND   POWER 

W        The  : 
K  imited  ef\ 


FOR  THE  INSTALLATION  OF 


AS  RECOMMEHDED  BV  THE 


UNDERWRITERS'  NATIONAL  ELECTRIC  ASSOCIATION 
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EDITION  OF  1901 

The  National  Electrical  Code,  as  it  is  here  presented,  is  the  result  of  the 
imited  efforts  of  the  various  Electrical,  Insurance,  Architectural,  and  allied 
interests  which  have,  through  the  National  Conference  on  Standard  Electrical 
Rules,  composed  of  deleg:atcs  from  various  National  Associations,  unanimously 
voted  to  recommend  it  to  their  respective  Associations  for  approval  or  adoption. 

The  following  is  a  list  of  tlie  Associations  represented  in  the  Conference, 
all  of  which  have  approved  of  the  Code : 

Amrrican  iNSTiTtrfB  OP  Akoiitbcts 
American  Institutb  op  Elkctkicai.  Encinbkks 
American  St>ctKTv  of  Mhchanical  Encinekks 
Ahcrican  Sthebt  Railway  A-ssociation 
Factory  Muti'ai.  Fjrr  Insukancr  Coupanibs 
National  AssoctATifiw  of  Firk  Engineurs 
National  Board  hf  Firk  Undrrwritrrs 
National  Elhctkic  Light  Association 
UNUKRWRnitRs'  National  Elisctric  Associatioh 


GEHERAL  PLAN  GOVERIHKG  THE  ARRANGEMENT  OP  RULES 

CLASS  A.  —  Central  Stations,   Dynamo,  Motor,   and  Storage^Batterr  Rooma, 

Transformer  Substations,  etc.     Rules  1  to  11. 
CLASS  B.  — Oiatuide  Work,  all  systems  and  voltages.     Rules  12  and  i> 
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CLASS  C  — Inside  Work,     Rules  14  to  39.     Subdivided  as  foQows: 

General  Kules,  applying  to  all  systems  and  voltages.     Rules  14  to  it? 
ConstAat'Current  systems.    Rules  18  to  20. 
CoDBtaot-Potential  systems. 

All  voltages.     Rules  21  to  23, 

Voltage  not  over  550.     Rules  24  to  31. 

Voltage  between  550  and  3,500.     Rules  32  to  37, 

Voltage  over  3,500.    Rules  38  and  39. 

CLASS  D.  —  Specilicationa  for  Wires  and  Fittings.     Rules  40  to  63. 
CLASS  E.  — Mi&cellaneooa.     Rules  64  to  67. 
CLASS  F,  —Marine  Wiring.    Rules  68  to  So. 


Class  A 
STATIONS  AND  DYNAMO  ROOMS 

INCLUDES  CENTRAL  STATIONS,  DYNAMO,   MOTOR,  AND  STORAGE-BATTERY  ROOMS, 
TRANSFORMER   SUBSTATIONS,  ETC 

I.   Generators — 

a.  Must  be  located  in  a  dry  place. 

b.  Musi  never  be  placed  in  a  room  where  any  hazardous  process  is  carried 
on,  nor  in  places  where  they  would  be  exposed  to  iiiJJamraablc  gases  or  dyings 
of  combustible  materials, 

c.  Must  be  insulated  on  floors  or  base  frames,  which  must  be  kept  filled 
to  prevent  absorption  of  moisture,  and  also  kept  dean  and  dry.  Where  frame 
insulation  is  impracticable,  the  Inspection  Department  having  jurisdiciion 
may,  in  writing,  permit  its  omission,  in  which  case  the  frame  roust  be  per- 
manently and  effectively  grounded, 

A  hij^h-potenti^  machiite  which,  on  account  of  great  wctghl  or  for  other  reasons,  cannot  have  fit 
frame  insulated  from  the  f>Toimd,  should  be  suirounded  with  an  inralated  plaiforra.  TKis  may  be  w^ 
of  wood,  mounted  on  insulating  supports,  and  so  arranged  that  a  man  mttst  alway*  staad  upon  it  u 
order  to  touch  any  part  o(  the  machine. 

In  case  of  a  madiinc  having  an  Inaabtcd  frame,  if  there  is  trouble  from  static  electricity  Jw (B 
bell  fnclion,  it  should  be  overcome  by  placing  near  the  belt  a  metallic  comb  connected  with  the  artk^ar 
bjr  graundiog  the  frame  through  a  very  high  resi.%tancc  of  not  leu  than  aoo  ohms  per  volt  geitenltd  by 
libe  machine. 

d.  Every  constant-potential  generator  must  be  protected  from  excessive 
current  by  a  safety  fuse»  or  equivalent  device,  of  approved  design  in  each 
wire. 

ThcM  devices  should  be  placed  on  the  machine  or  as  near  it  as  possible. 
Where  the  needs  o(  ttie  service  make   these  devices   impracticable,   the    Inspection    Dei 
having;  jurisdiction  nwy,  in  writinij,  modify  the  requircmentii, 

e.  Must  each  be  provided  with  a  waterproof  cover. 

f.  Must  each  be  provided  with  a  name-plate,  giving  the  maker's  name, 
the  capacity  in  volts  and  amperes,  and  the  normal'^ speed  in  revolutions  per 
minute.  1 

a.   Conductors —  1 

From  generators  to  switchboards,  rheostats,  or  other  instruments,  and 
thence  lo  outside  lines. 


I 


I 


I 


I 
i 


a.   Must  be  in  plain  sight  or  readily  accessible, 

d.  Must  have  an  appro^'ed  insulating  covering;  as  called  for  by  rules  in 
Class  "C"  for  similar  work,  except  thai  ia  central  stations,  on  exposed 
circuits*  the  wire  which  is  used  must  have  a  heavy  braided  n  on -combustible 
cuter  covering. 

Bus  bars  may  be  made  of  bare  metal. 

c.  Must  be  kept  so  rigidly  in  pLice  that  they  cannot  come  in  contact 

d.  Must  in  all  other  respects  be  installed  under  the  same  precautions  as 
required  by  rules  in  Class  *'  C  "  for  wires  carrying  a  current  of  die  same  volume 
and  potential. 

3.  Switchboards  — 

a.  Must  be  so  placed  as  to  reduce  to  a  minimum  the  danger  of  communi- 
cating fire  to  adjacent  combustible  material. 

Specu]  attention  ia  caJled  tg  tlic  fact  that  switchboards  should  not  be  built  down  tn  the  floor <  nor 
tip  to  the  ceiling,  but  •>  space  of  al  Icsist  ten  or  twelve  inches  should  be  tell  between  ihe  door  and  the 
board,  and  from  eighteen  to  twenty-four  inches  between  the  ceilinjj  and  the  boat*!  in  ofder  to  (>rcvent  lire 
from  communicating  Irotn  the  switchboard  to  the  door  or  ccilmg,  and  also  to  prevent  the  turtuing  of  a 
jvirtiallf  concealed  space  very  liable  to  b«  used  for  storage  of  Tubbi«b  aad  oily  waste. 

b.  Must  be  made  of  non-combustible  material  or  of  hardwood  in  skeleton 
form  tilled  to  prevt:nt  absorption  of  moisture. 

(.  Must  be  accessible  from  all  sides  when  the  connections  are  on  the  back, 
but  may  be  placed  against  a  brick  or  stone  wall  when  the  wiring  is  entirely  on 
the  face. 

d.  Must  be  kept  free  from  moisture. 

e.  Bus  bars  must  be  equipped  in  accordance  with  rules  for  placing 
conductors. 

4.  ResisUnce  Boxes  and  Equalizers  — 

{For  coHstntcthn  ruh's,  see  No.  60.) 
a.  Must  be  placed  on  a  switchboard  or,  if  not  thereon,  at  a  distance  of  a 
a  foot  from  combustible  material,  or  separated  therefrom  by  a  non-inflammable, 
non-absorptive,  insulating  material. 

h.  Lightning  Atreaters  — 

{For  constrttction  rules,  see  No.  (*3. ) 
a.   Must  be  attached  to  each  side  of  every  overhead  circuit  connected  with 
the  station. 

It  15  recommended  to  all  electric  light  and  power  compiinica  that  arresters  be  connected  at  interval* 
over  systems  in  such  numbers  and  so  located  as  lo  prevent  ordinary  discliarges  entering  (over  the  wires) 
buildings  conaccted  to  the  lines. 

d.  Must  be  located  in  readily  acces.sibic  places  away  from  combustible 
materials,  and  as  near  as  practicable  to  the  point  where  the  wires  enter  the 
building. 

Station  arresters  should  generally  be  placed  in  plain  sight  on  the  switch- 
board. 

In  all  cases,  kinks,  coils,  and  sharp  bends  in  the  wires  between  the  arresters 
and  the  outdoor  tines  must  be  avoided  as  far  as  possible. 
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c.  Must  be  connected  with  a  thoroughly  good  and  permanent  ground  con-l 
nection  by  metallic  strips  or  wires  having  a  conductivity  not  less  than  ihal  ot  a 
No.  tJ  B.  &  S.  copper  wire,  which  must  be  run  as  nearly  in  a  straight  line  as 
possible  from  the  arresters  to  the  earth  connection. 

Ground  wires  for  lightning  arresters  must  not  be  attached  to  gas-pipes 
within  the  buildings,  fl 

It  19  ofteo  dtwinble  lo  introduce  a  cliokc  coil  in  circuit  between  the  arresttfraaod  the  dytiamo.  !■ 
no  case  should  the  grtiuDd  wire  itom  a  lightning  arrester  be  put  into  iron  pipes,  as  these  would  tend  lo 
impede  the  disclur(;c.  ^^ 

6.  Care  and  Attendance  —  ^1 

a.  A  competent  man  must  be  kept  on  duty  where  generators  are  operating. 
k  Oily  waste  must  be  kept  in  approved  metal  can-s  and  removed  daily. 

Approved  waste  cans  ahaU  be  made  of  metaJ,  with  legs  raising  can  tliree  inches  (coin  tfae  floor, 
witlt  self-clasini;  covens. 

7.  Testing  of  Inaulation  Resistance  — 

a.  All  circuits,  except  such  as  are  permanently  grounded  in  accordance 
with  Rule  13  A,  must  be  provided  with  reliable  RTound  detectors.  Detectors 
which  indicate  conltnuously,  and  give  an  instant  and  permanent  indication  of 
a  ground,  are  preferable.  Ground  wires  from  detectors  must  not  be  attached 
to  gas-pipes  within  the  building. 

b.  Where  continuously  indicating  detectors  are  not  feasible,  the  circuits 
should  be  tested  at  least  once  per  day,  and  preferably  oflener. 

c.  Data  obtained  from  all  tests  must  be  preserved  for  examination  by  the 
Inspection  Department  having  jurisdiction. 

These  rules  on  testini;  to  \x.  applied  at  such  places  as  majr  be  designated  by  the  iDspectioa  Dcpait- 
Rient  having  jurisdiction.  ^H 

8.  Motora—  ™ 

a.  Must  be  insulated  on  floors  or  base  frames,  which  must  be  kept  filled 
to  prevent  absorption  of  moisture  ^  and  must  be  kept  clean  and  dry.  Where 
frame  insulation  is  impracticable  the  Inspection  Department  having  jurisdic- 
tion may,  in  writing,  permit  its  omission,  in  which  case  the  frame  must  be  per- 
manently and  effectively  grounded. 

A  high-pnlential  machine  whJch,  on  aceoanl  tA  p-rat  we'gHt  or  for  other  reason*,  cannot  hsTc  lU 
frwne  insulaied,  should  \^  surrounded  with  an  insulated  pUtform.  This  may  be  made  or  wood 
mounted  on  insulating  supports,  and  so  arranged  th.vt  a  man  must  stand  upon  it  in  order  lo  touch  sajr 
part  nf  the  macliine. 

In  case  of  a  machine  having  an  Insulated  frame,  if  lh*re  is  trouble  from  sUlic  elcclririty  due  lo  belt 
frictirm,  it  should  be  nvercome  hy  pladnj!  ticar  the  belt  a  tnelallit  cotnb  connected  to  theejmh.  or  by 
KTmmdinR  the  frame  through  a  very  high  resistance  of  not  less  than  %t\  ohms  pwvoj^^l^ied  by  tlie  M 
machine.  ^^^_^_  """"^  ^^ 

b.  Must  be  wired  under  the  same  precautions  as  required  by  rules  in 
class  "  C  ",  for  wires  carrying  a  current  of  the  same  volume  and  potential.  b 

The  lead.i  or  brunch  cirauts  shmild  Ihj  designed  to  carry  a  current  at  least  fifty  per  cent  gn^er  tkM  ^ 
ihaJ  requiTfd  by  the  rated  oipaclty  of  the  motor  to  provide  for  the  inevittbl©  overloMling  of  the  motor  ■( 
times  without  overf using  ihewtres. 

f.  The  motor  and  resistance  box  must  be  prote****^  hy  a  cutout  and  coij- 
Irolled  by  a  switch  (sec  No.  17  /i).  said  s^  ig  whether  »»0f>" 

or  "  off"    Where  one-fourth  hnrse-powe^  -tension  circuits 
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a  single-pole  switch  will  be  accepted,  The  switch  and  rheostat  must  be  located 
within  sight  of  the  motor,  except  in  such  cases  where  special  permission  to 
locate  them  elsewhere  is  given  in  writing  by  the  Inspection  Department  hav- 
ing jurisdiction. 

d.  Must  have  their  rheostats  or  starting-boxes  located  as  to  conform  to  the 
requirements  of  No.  4. 

In  connection  with  moiors  tlie  use  af  circuit -brcakcn,  aiitom^itic  startiragi-tioxM  and  autoirullo 
aiMl«r-loui  twitches  i*  recom mended,  and  they  tmut  be  use«l  witen  required. 

'  e.  Must  not  be  run  in  series-multiple  or  multiple-series,  except  on  constant- 
potential  systems,  and  then  only  by  special  permission  of  the  Inspection  De- 
partment having  jurijidiction. 

y.  Must  be  covered  with  a  waterproof  cover  when  not  in  use,  and,  if 
deemed  necessary  by  the  Inspection  Department  having  jurisdiction,  must  be 
inclosed  in  an  approved  case. 

From  till!  nature  of  the  que<ilion  the  decision  as  la  what  ii  an  approved  case  miut  be  left  to  the 
Inspectiau  t  department  luvitig  jurisdiciiun  to  determine  in  each  instance. 

g  Must,  when  combined  with  ceiling  fans,  be  hung  from  iiisulated  hooks, 
or  else  there  must  be  an  insulator  interposed  between  the  mo  lor  and  its 
support. 

h.  Must  each  be  provided  with  a  name-plalc,  giving  the  maker's  name, 
the  capacity  in  volts  and  amperes,  and  the  normal  speed  in  revolutions  per 
minute. 

0.   Railway  Power  Plants  — 

a.  Must  be  equipped  in  each  feed  wire  before  it  leaves  the  station  with  an 
afypfovid  automatic  circuit-breaker  (see  No.  52)  or  other  device,  which  will 
immediately  cut  off  the  current  in  case  of  an  accidental  ground.  This  device 
must  be  mounted  on  a  fireproof  base,  and  in  full  view  and  reach  of  the 
attendant. 

10.  Storage  or  Primary  Batteries  — 

a.  When  current  for  light  and  power  is  taken  from  primary  or  secondary 
batteries,  the  same  general  regulations  must  be  observed  as  applied  to  similar 
apparatus  fed  from  dynamo  generators  developing  the  same  difference  of 
potential. 

b>  Storage  battery  rooms  must  be  thoroughly  ventilated. 

c.  Special  attention  is  directed  to  the  rules  for  rooms  where  acid  fumes 
«xist  (see  No.  24, /and  k). 

d.  A!!  secondary  batteries  must  be  mounted  on  non-absorptive,  non- 
combustible  insulators,  such  as  glass  or  thoroughly  vitrified  and  glazed 
porcelain. 

e.  The  use  of  any  metal  liable  to  corrosion  must  be  avoided  in  cell  connec- 
tions of  secondary  batteries. 

Tranafonners  — 

{For  consfntrfioH  rules y  see  A'/j.  tff ,) 
[  or  substations  the  tTansformersniust  be  so  placed  that  smoke 
\%  out  of  the  coils  or  the  boiling  over  of  the  oil  (vvhere  oil-filled 
could  do  no  harm. 


a.  Service  wires  must  have  an  approveil  rubber  insulating  coverinf  (sec 
No.  41).  Line  wires,  other  than  services,  must  liave  an  approved  weatherproof, 
or  rubber  insulating  covering  (Noa.  41  and  44),  All  the  wires  must  have  in 
insulation  equal  to  that  of  the  conductors  they  confine. 

6.  Must  be  so  placed  that  moisture  cannot  form  a  cross  connection  !»■ 
tween  tliem,  not  less  than  a  foot  apart,  and  not  in  contact  with  any  substance 
other  than  ihetr  insulating  supports.  Service  blocks  must  be  covered  ovtr 
their  entire  surface  with  at  least  two  coat.s  of  waterproof  paint 

c.  Must  be  at  least  seven  feet  above  the  highest  point  of  flat  roofs,  and  at 
least  one  foot  above  the  ridge  of  pitched  roofs  over  which  they  pass  or  to 
which  they  arc  attached. 

tf.  Must  be  protected  by  dead  insulated  R^uard  iron  or  wires  from  possibility 
of  contact  with  other  conductin|^  wires  or  substances  to  which  current  may  leak, 
Special  precautions  of  this  kind  must  be  taken  where  sharp  angles  occur,  w 
where  any  wires  n\ight  possibly  come  in  contact  wiilii  electric  light  or  power 
wires. 

e.  Must  be  provided  with  petticoat  insulators  of  glass  or  porcelain.  Por- 
celain knobs  or  cleats  and  rubber  hooks  will  not  be  approved. 

/.  Must  be  so  spliced  or  joined  as  to  be  both  mechanically  and  electrically 
secure  without  solder.  The  joints  must  then  be  soldered,  to  insure  preserva- 
tion, and  covered  with  an  insulation  equal  to  that  on  the  conductors. 

All  joints  must  be  soldered,  even  if  made  with  some  form  f>f  palmt  npUdng  device.  TW»  ruttm 
applies  to  juints  and  splices  in  all  classes  of  wiring  covered  hy  thc^c  rule*. 

g.  Must,  where  t!icy  enter  buildings,  have  drip  loops  outside,  and  the  holes 
through  which  the  conductors  must  be  bushed  with  non-combustible,  non- 
absorptive  insulating  tubes  slanting  upward  toward  the  inside, 

//.  TelegTap!i,  telephone,  and  similar  wires  must  not  be  placed  on  the  sanic 
cross-arm  with  electric  liglvt  or  power  wires  \  and  when  placed  on  the  same  pole 
with  such  wires  the  distance  between  the  two  inside  pins  of  each  crossarni 
must  not  be  less  than  twenty-six  inches. 

/.  The  metallic  sheaths  to  cables  must  be  permanendy  and  effectively 
connected  to  "earth." 

TROLLEY  WIRES. 

/  \fusl  not  be  smaller  than  No.  0  It.  &  S,  copper  or  No.  4  \\.  Si.  S.  silicon 
bronze,  and  must  readily  stand  the  strain  put  upon  them  when  in  use. 

k.  Must  have  a  double  insulation  from  the  ground.  In  wooden-pole  con- 
struction the  pole  will  be  considered  as  one  insul.ition. 

/.    Must  be  capable  of  being  disconnected  at  the  power  plant,  or  of  beingj 
divided  into  sections,  so  that,  in  case  of  fire  on  the  railway  route,  the  current" 
may  be  shut  off  from  the  particular  section  and  not  interfere  with  the  work  of 
the  firemen.    This  rule  also  applies  to  feeders. 
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w.  Must  be  safely  protected  against  accidental  contact  where  crossed  by 
ether  conductors. 

Guard  wires  should  be  iDsubted  (rom  the  ground,  and  should  be  electriciUj^disconDccted  in  leclioni 
«l  not  nore  than  JUI  feet  in  kngi  \\, 

GROUND   RETURN    WIRES. 

n.  For  the  diminution  of  electrolytic  corrosion  of  underground  metal  work, 
ground  return  wires  must  be  so  arranged  that  the  difference  of  potential  be- 
tween the  i^roundcd  dynamo  terminal  and  any  point  on  the  return  circuit  will 
not  exceed  twenty-five  volts. 

It  is  ftuj^K^^^ted  tli.ll  tht;  (>osiiive  pole  of  the  dynamn  he  connected  to  the  Iralley  line,  and  that 
whenever  pipes  or  oth.T  iinlcfRroittui  metal  work  arc  Jound  t<j  be  electrically  positive  to  the  rails  m 
surrounding  c-arih,  tliat  tliey  be  connected  by  conducmrs  arranged  so  as  to  present  as  tar  as  possible 
current  flow  trt>m  the  pipes  into  the  ground. 

13.   Transformers  — 

{For  construction  rules,  see  No.  GS.) 

a.  Must  not  be  placed  inside  of  any  build  in  j^;^.  excepting  central  stations, 
unless  by  special  permission  of  the  Inspeclion  Department  having  jurisdiction. 

h.  Must  not  be  attached  to  the  outside  walls  of  buildings,  unless  separated 
therefrom  by  substantial  supports, 

13  A.   Grounding  Low  Potential  Circuits. 

The  gfoundiog  of  low  potentJHl  circuits  under  the  fodowtnif  rcKtillatlons  lionly  altowed 
when  »o  arrnnfed  that  under  normal  conditions  there  wUI  be  no  flow  of  current  throuvK 
the  Krnund  wire. 

Direct  Cttftent  3-Wire  Systems. 

a.  Neutral  wire  may  be  grounded,  and  when  grounded  llie  following  rules 
must  be  complietl  with:  — 

1.  Must  he  grounded  at  the  Central  Station  on  a  metal  plate  buried  in  coke 
beneath  permanent  moisture  level,  and  also  through  all  available  underground 
water  and  gas-pipe  systems. 

2.  In  underground  systems  the  neutral  wire  must  also  be  grounded  at  each 
distributing-box  through  the  box. 

3  In  overhead  systems  the  neutral  wire  must  be  grounded  every  600  feet, 
,  as  provided  in  Sections  c,  e,  and/ 

The  Inspection  DtrparimeTit  kivirp  iuTisdiction  may  require  jETotmdiiiK  if  they  deem  it  necessary. 
Two-wire  direct  current  Ky^ienvi  tidving  no  accessible  neutral  ^loint  arc  not  to  be  grounded. 

Alteroating  Current  Secondsry  Systems. 

b.  The  neutral  puint  of  transformers,  or  the  neutral  wire  of  distributing 
systems,  may  be  grounded,  and  when  grounded  the  following  rules  must  be 
complied  with :  — 

1.  Transformers  feeding  2-wire  systems  must  be  grounded  at  the  center  of 
the  secondary  coils. 

2  Transformers  feeding  systems  with  a  neutral  wire  must  have  the  neutral 
wire  grounded  at  the  transformer  and  at  least  every  250  feet  beyond. 

Inspiction  Department  having  jnrisdiction  may  require  grounding  If  tbey  deem  it  necessary. 
Ground  Conncctioni. 

c.  The  ground  wrire  in  D.  C.  Swire  systt;ms  must  not  at  Central   Stations  be 
smaller  than  the  neutral  wire  and  not  smaller  than  No.  ti  B.  &  S.  elsewhere. 


ELECTRIC  LTCffT/mi. 

d.  The  ground  wire  in  A.  C.  systems  must  never  be  less  than  No.  6  B.  & 
and  must  always  have  equa]  carrying  capacity  to  the  secondary  lead  of  the 
transformer,  or  the  combined  leads  where  transformers  are  banked. 

e.  The  ground   wire  must   be  kept  outside  of  buildings,  but  may  be 
rectly  aliached   to  the  building  or  pole.      The  wire  must  be  carried   in 
nearly  a  straight  line  as  possible,  and  kinks,  coils  and  sharp  bends  must  be 
avoided. 

f.  The  ground  connection  for  Central  Stations,  transformer  sub-stations,  and 
banks  of  transformers  must  be  made  through  metal  plates  buried  in  coke  below 
permanent  moisture  level,  and  connection  should  also  be  made  to  ail  available 
underground  piping  systems.  For  individual  transformers  and  building  ser- 
vices the  ground  connection  may  be  made  as  above,  or  may  be  made  to  water 
or  other  piping  systems  running  into  the  buildings.  This  connection  maybe 
made  by  carrying  the  ground  wire  into  the  ceUar  and  connecting  on  the  street 
side  of  meters,  main  clocks,  etc. 

tn  connectlnf;  ground  wires  to  piping  s^tems,  where  poRiible  the  wires  should  be  aotileicd  il 
one  or  more  bras*  plugs  and  the  pluRS  foTcibty  screwed  hjio  a  pipe-liKinK,  nr  where  the  pspM  i 
iron  into  a  hole  tapped  lo  the  [npe  itsell.  For  liirge  stations,  where  connecting  to  undergraond  fip 
with  bell  and  spigot  joints,  it  is  well  to  connect  lo  several  length*!,  as  the  pipe  ioints  majr  be  ol  rath 
high  rcsisiance.  Where  ftucli  plugs  cannot  be  used  the  nuilace  of  the  pipe  may  be  filed  or  icrap 
bright,  the  wire  wound  around  it,  and  a  strong  clamp  put  over  the  wire  and  Armly  bolted  together. 

Wbcfc  ground  pUlcs  are  uaeda  No.  Jfl  copper  plate,  about  3  ^t  6  (cet  in  rae,  with  about  two  feet  g/ 
crashed  coke  or  charcoal  about  pea  siie  both  under  and  over  it,  would  make  a  ground  of  suffideei 
capacity  for  a  moderate  size  station,  and  would  probably  anstwer  for  the  ordinary  sub-station  or  bank  of 
Iranstormerv.  For  a  larj^  Central  Station  considerable  more  area  mij;ht  be  necessary,  depending  upM 
the  other  underground  connectiuns  available.  Tlie  ground  wire  should  be  riveted  to  such  a  plate  iai 
number  of  places,  and  soldered  (or  its  whole  length.  Perhaps  even  better  than  a  copperplate  i*  a  cao- 
iron  plate  with  pnijcctinK  forks,  the  idea  of  the  fork  being  to  distribute  the  connection  to  the  ground  over  i 
a  fairly  hrciad  area,  anti  to  give  a  large  surface  contact.  The  ground  wire  can  probably  best  be  conorctrrf  | 
to  such  a  cast-iron  plate  by  brass  plugs  screwed  into  the  plate  to  wliich  the  wire  is  soldeied.  fnifl  i 
caics  the  joint  between  the  plate  and  the  ground  wire  should  be  thoroughly  protected  agaiofl  o«r»«wc«  ^ 
by  suitable  patnling  with  waterproof  paint  or  some  equivalent. 


Class  C 
INSIDE  WORK 

AIL  SYSTEMS  AND  VOLTAGES. 

GENERAL  RULES  — ALL  SYSTEMS  AND  VOLTAGES. 
14.   Wires  — 

{For  spnifii  rules  See  Nos.  J  ft,  f  4,  SS,  SS,  and  S9.) 

a.  Must  not  be  of  smaller  size  than  No.  14  h.  &  S.,  except  as  adlowedj 
under  Rules  24  i  and  4&6. 

It.  Tie  wires  must  have  an  insulation  equal  to  that  of  the  conductors  the 
confine. 

c.  Must  be  so  spliced  or  joined  as  to  be  both  mechanically  and  electrically  I 
secure  without  solder ;  they  must  be  then  soldered  to  insure  preservation,  andJJ 
the  joint  covered  with  an  insulation  equal  lo  that  on  the  conductors. 

Stranded  wires  must  be  soldered  before  being  fastened  under  clamps  orj 
binding  screws  ;  and,  when  they  have  a  conductivity  greater  than  No.  10  BJ 
S.  copper  wire,  they  will  be  soldered  into  lugs. 
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All  joinu  musi  be  soldered,  even  if  nude  wUb  Bone  form  of  patent  splicing  device.  Thk  nilinif 
applies  to  loiols  and  splices  in  all  classes  of  wiring  covered  by  these  rules. 

d.  Must  be  separated  from  contact  with  walls,  floors,  timbers,  or  partitions 
through  which  they  may  pass  by  non-com b us tiblc,  non-absorptive  insulating^ 
tubes,  such  as  glass  or  porcelain. 

BusliiDgs  must  be  long  enough  to  bush  the  entire  length  of  the  liole  in  one  continuous  piece,  or  dad 
the  hol«  mu«i  first  be  bushed  by  a  continuous  «-aterproof  lube,  \vhicb  may  be  a  conductor,  such  as  iron 
pfpe;  the  tube  t(»ea  \n  to  have  a  non-conducting  bushing  pushed  in  at  each  end  so  u  (o  keep  the  wire 
absolutely  out  ul  contact  with  the  conducting  pipe. 

i,  Musi  be  kept  free  from  contact  with  gas,  water,  or  other  metallic  piping, 
or  any  other  conductors  or  conducting  material  which  they  may  cross,  by  some 
continuous  and  firmly  fixed  non  conductor,  creating  a  separation  of  at  least 
one  inch.  Deviations  from  this  rule  may  sometimes  be  allowed  by  special 
permission. 

f.  Must  be  so  placed  in  wet  places  that  an  air  space  will  be  left  between 
conductors  and  pipes  in  crossing,  and  the  former  must  be  run  in  such  a  way 
that  they  cannot  come  in  contact  with  the  pipe  accidentally.  Wires  should  be 
run  over,  rather  than  under,  pipes  upon  which  moisture  is  likely  to  gather  or 
which,  by  leaking,  might  cause  trouble  on  a  circuit. 

16.  Underground  Conductors  — 

a.  Must  be  protected,  when  brought  into  a  building,  against  moisture  and 
mechanical  injury,  and  all  combustible  material  must  be  kept  removed  from  the 
immediate  vicinity. 

b.  Must  not  be  so  arranged  as  to  shunt  the  current  through  a  building 
around  any  catch-box. 

16.   Table  Carrying  Capacity  of  Wires  — 

Below  is  a  table  which  must  be  followed  in  placing  interior  conductors, 
sliowing  the  allowable  carrying  capacity  of  wires  and  cables  of  ninety-eight  per 
cent  conductivity,  according  to  the  standard  adopted  by  the  American  I  nstitute 
of  Electrical  Engineers. 
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Tlie  lower  limft  is  specified  for  rubber-covered  wires  to  prevent  gradual  deterior^cm  of  the  J 
insulations  by  the  heat  of  the  wires,  but  not  frum  fear  of  ignltiog  the  iiuulation.  The  question  iAi 
is  not  uken  tnt<i  consideration  io  li>c  above  tables. 

Ttie  carryiitg  capacity  of  siKteen  and  eighteen  wire  is  given,  but  no  Bmallcr  tJuui  fourteen  li  to  ] 
used,  except  as  allowed  under  Rules  24  /  and  4^  t>, 

17.   Switches,  Cutouts,  Circait-Breakera,  etc. 

{For  construction  rules,  see  Nos.  51,  SS,  and SS.) 

a.  Must,  whenever  calleti  for,  unless  otherwise  provided  (for  exception 
see  No.  8  r  and  No.  22  c),  be  so  arranged  that  the  cutouts  will  protect,  and  ih 
opening  of  the  switch  or  circuit-breaker  will  disconnect,  all  of  the  wires;  th 
is,  in  a  two-wire  system  the  two  wires,  and  in  a  three-wire  system  the  thre 
wires,  must  be  protected  by  the  cutout,  and  disconnected  by  the  operation 
the  switch  or  circuit- breaker. 

i.  Must  not  be  placed  in  the  immediate  vicinity  of  easily  ignitiblc  stuff  or 
where  exposed  to  infiammable  gases  or  dust  or  to  flyings  of  combustible 
material. 

c.   Must,  when  exposed  to  dampness,  either  be  inclosed  in  a  waterpro 
box  or  mounted  on  porcelain  knobs. 


f" 


CONSTANT   CURRENT   SYSTEMS. 
PriacifUtiiy  Serhs  Arc  Light iag. 

18.  Wircf  — 

(See  also  Nos,  14,  15,  andXt.) 

a.  Must  have  an  i7//r^'r^ rubber  insulating  covering  (see  No.  41). 

b.  Must  be  arranged  to  enter  and  leave  the  building  through  an  appr 
double-contact  service  switch  (see  No.  51),  mounted  in  a  non-combustible  caM. 
kept  free  from  moisture,  and  easy  of  access  to  police  or  firemen.    So^allcd^ 
"snap  switches"  must  not  be  used  on  high-potential  circuits.  ^| 

£,   Must  always  be  in  plain  sight,  and  never  incased,  except  when  requirti^^ 
by  the  Inspection  Department  having  jurisdiction, 

d.  Must  be  supported  on  glass  or  porcelain  insulators,  which  separate  the 
wire  at  least  one  inch  from  the  surface  wired  over,  and  must  be  kept  rtgidiy  at 
least  eight  inches  from  each  other,  except  within  the  structure  of  lamps, 
on  hanger-boards,  in  cutout  boxes,  or  like  places,  where  a  less  distance  is 
Decessar3^ 

t.   MusJ.  on   side  walls,  be  protected  from   mechanical  injury  by  a  suk 
stantial   boxing,  retaining  an  air  space  of  one  inch  around   the  conductoi 
closed  at  the  top  (the  wires  passing  through  bushed  holes),  and  extending  n< 
less  ihan  seven  feet  from  the  floor.     When  crossing  floor-timbers  in  cellars 
in  ri*oms.  where  they  might  be  exposed  to  injury,  wires  must  be  attached  by 
their  insulating  supports  to  the  under  side  of  a  wooden  strip  not  less  than  4MJ^ 
half  an  inch  in  thickness. 


t 
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19.  Arc  Lamps  — 

{For  construction  rules ^  see  No.  57.) 

a.  Must  be  carefully  isolated  from  inflammable  material. 

b.  Must  be  provided  at  all  times  with  a  glass  globe  surrounding  the 
securely  fastened  upon  a  closed  base.     No  broken  or  cracked  globes  to  be 
used, 

c.  Must  be  provided  with  a  wire  netting  (having  a  mesh  not  exceeding  one 
and  one-fourth  inches)  around  the  globe,  and  an  appro^>ed ?,^7ixk  arrester  (sec 
No.  68),  when  readily  inflammable  material  is  in  the  vicinity  of  the  lamps,  to 
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prevent  escape  of  sparks,  melted  copper,  or  carbon.     It  is  recommended  that 
plain  carbons,  not  copper-plated,  be  used  for  lamps  in  such  places. 

Arc  kunps,  when  used  in  places  where  they  are  exposed  to  ftylngv  of  easily  inllarnmable  material, 
should  tiave  U\c  carbons  indos«d  compklely  in  a  globe  in  such  manocr  as  to  avoid  the  necessity  for 
•park  arresters. 

For  the  present,  globes  and  spark  arresters  will  not  be  required  on  so-called  "inverted  arc" 
hmps,  but  this  type  i>f  lamp  must  not  be  used  where  exposed  to  flyings  u{  easily  inflammable    matcrUU. 

d.  Where  hanger-boards  (see  No.  l^i)  are  not  used,  lamps  must  be  hung 
from  insulating  supports  other  than  their  conductors. 
20.   Incandescent  Lamps  in  Series  Circuits  — 

a.  Must  have  the  conductors  installed  as  provided  in  No.  18,  and  each 
lamp  must  be  provided  with  an  automatic  cutout. 

b.  Must  have  each  lamp  suspended  from  a  hanger-board  bv  means  of  rigid 
tube. 

K  c.   No  electro-map^netic  device  for  switches  and  no  system  of  multiple- 

H  series  or  serits-multiple  lighting  will  be  appruvtd. 

B         d.   Under  no  circumstances  can  they  be  attached  to  gas  fixtures. 

^■L  CONSTANT  POTENTIAL  SYSTEMS. 

^^^^  GENliKAL    KULES,   ALL    VOLTAr.US. 

H  21.  Automatic  Cutouts  (Fuses  and  Circuit- Breakers), 
H  {See  No.  17,  and /or  con  sttuc  lion  Ncs.  53  and  5S.) 

■  a.   Must  be  placed  on  all  service  wires,  either  overhead  or  underground, 

as  near  as  possible  to  the  point  where  they  enter  the  building  and  inside  the 
walls,  and  arranged  to  cut  off  the  entire  current  from  the  building. 

Where  the  switch  rc<|uired  by  rule  No.  'J2  is  inside  the  building,  the  cutuut  required  by  this  section 
Qiust  be  placed  so  as  to  protect  it. 

b.   Must  be  placed  at  every  point  where  a  change  is  made  in  the  size  of 

twire  [unless  the  cutout  in  the  larger  wire  will  protect  the  smaller  |see  No.  1^)]. 
c.    Must  be  in  plain  sight,  or  inclosed  in  an  approved  box  (see  No.  64)  and 
readily  accessible.     They  must  not  be  placed  in   the  canopies  or  shells  of 

■  fixtures. 
d.  Must  be  so  placed  that  no  set  of  incandescent  lamps,  whether  grouped 
on  one  fixture  or  several  fixtures  or  pendants,  requiring  more  than  «(H)  watts, 
shall  be  dependent  upon  one  cutout.  Special  permission  may  be  given  in 
writing  by  the  Inspection  Department  having  jurisdiction  for  departure  from 
this  rule  in  case  of  large  chandeliers,  stage  borders,  and  ilhiminated  signs. 

e.  Must  be  provided  with  fuses,  the  rated  capacity  of  which  does  not  ex- 
ceed the  allowable  carrying  capacity  of  the  wire;  and,  when  circuit-breakers 
are  used,  they  must  not  be  set  more  than  atKiut  thirty  per  cent  almvc  the  allow- 
able carrying  capacity  of  the  wire,  unless  a  fusible  cutout  is  also  installed  in 
the  circuit  (see  No.  10). 

•  22.   Switches  — 
[See  Na.  17,  and  for  construe  tmn,  A'(k  51.) 

a.  Must  be  placed  on  all  service  wires,  cither  overhead  or  underground 
in  a  readily  accessible  place,  as  near  as  possible  lo  the  point  where  tlie  wires 
enter  the  building,  and  arranged  to  cut  off  the  entire  current. 

b.  Must  always  he  placed  in  dry.  accessible  places,  and  be  grouped  as  far 
as  possible.  Knife  switches  must  be  so  placed  that  gravity  will  tend  to  open 
rather  than  close  the  switch. 
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462  ELECTRIC  LIGHTING. 

• 

c.  Must  not  be  single-pole,  except  when  the  circuits  which  they  control 
supply  not  more  thiui  six  l<*-candle  power  lamps  or  their  equivalent. 

d.  Where  flush  switches  are  used,  whetljer  with  conduit  systems  or  not,, 
the  switches  niust  be  inclosed  in  boxes  constructed  of  or  lined  with  fire-rcsistinj 
material.  No  push-buttons  for  bells,  gas-lighting  circuits  or  the  like  shall 
be  placed  in  the  same  wall-plate  with  switches  controlling  electric  light  or 
power  wiring.  ™ 

23.  Electric  Heaters—  m 

a.  Must,  if  stationary,  be  placed  in  a  safe  situation^  isolated  from  inflain- 
mable  materials,  and  be  treated  as  sources  of  heat  ■ 

b.  Must  each  have  a  cutout  and  indUating-^'^lXK^  (see  No.  17^).  ■ 

c.  Must  have  the  attachments  of  feed  wires  to  the  heaters  in  plain  sight, 
easily  accessible,  and  protected  from  interference,  accidental  or  otherwise. 

d.  The  flexible  conductors  for  portable  apparatus,  such  as  irons,  eic„must 
have  an  approved  insulating  covering  (see  No.  45  A), 

f.  Must  each  be  provided  with  name-plate,  giving  the  maker's  name  and 
the  normal  capacity  in  volts  and  amperes. 


LOW-POTENTIAL  SYSTEMS. 

SSO  Volta  or  Jets,  ^ 

^Any  circuit  attached  to  any  machine,  or  combination  of  machines^  wkiek 
develops  a  difference  of  potential^  between  any  two  wires^  of  tnier  ten 
volts  and  less  than  550  volts,  shall  be  considered  as  a  low-potential 
circuit,  and  as  coming  under  this  class,  unless  an  apprm'ed  transform^ 
ing  device  is  used^  which  cuts  the  difference  of  potential  down  to  f/K 
volts  or  less.  The  primaty  circuit  not  to  exceed  a  potential  of  f,509 
volts. 

24.   Wiies  — 

GENERAL  RULES. 

{See  also  Nos.  li,  15,  and  IG.) 

a.  Must  not  be  laid  in  plaster,  cement,  or  similar  finish. 

b.  Must  never  be  fastened  with  staples. 

c.  Must  not  be  fished  for  any  great  distance,  and  only  in  places  where  the 
inspector  can  satisfy  himself  that  the  rules  have  been  complied  with. 

d.  Twin  wires  must  never  be  used,  except  in  conduits,  or  where  flexible 
conductors  are  necessary. 

e.  Must  be  protected  on  side  walls  from  mechanical  injury.  When  cross- 
ing floor-timbers  in  cellars  or  in  rooms,  where  they  might  be  exposed  to  InjuOt 
wires  must  be  attached  by  their  insulating  supports  to  the  under  side  of  i 
wtxiden  strip,  not  less  than  one-half  inch  in  thickness,  and  not  less  than  three 
inches  in  width. 

.^^uitablc  pfoiccfion  on  side  walls  may  be  secured  by  a  »uhstantta!  hoxinR,  rctalain^  an  lir  ipKliOf 
one  inch  around  the  conductor,  closed  at  the  top  (the  wires  passing  throujjh  btuhed  holes),  and  tJiud 
ing  not  less*  than  five  feet  itovn  the  rtoor ;  or  by  an  iron-armared  or  metal -sheathed  iatubttaf  condiA 
sufficicntlv  strong  to  mthtland  the  strain  it  will  be  subjected  l»:  ar  pbin  metal  pipe,  lined  witfc  Im** 
lating  mbitiR,  which  must  extend  one-half  inch  f^yond  the  end  of  the  metal  tube. 

The  pipe  must  extend  not  less  than  five  feet  above  the  floor,  and  may  mend  throoth  the  floor ii 
place  of  a  floor  buthioK. 

II  IroD  pipes  are  used  with  ulternatlng  currenta,  the  two  or  more  wire*  ol  a  drcuit  mout  be  pUoA 
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'  bi  the  vAxnr:  conduit.     In  this  ca»  the  insubtion  of  each  wire  must  be  rekilarced  by  \  tough  conduit 
tubing  projecting  beyond  the  end*  of  the  iron  pipe  at  JeARt  two  inches. 

f.  When  run  immediately  under  roofs,  or  in  proximity  to  water  tanks  or 
pipes,  will  be  considered  as  expnstid  to  moisture. 

SPECIAL   RULES. 
For  open  work : 

In  dry  places  : 

g-.  Must  have  an  approved  rubber  or  "slow-burning"  waterproof  insula- 
tion (sec  Nos.  4!  and  4'2). 

h.  Must  be  rigidly  supported  on  non-combustible,  non-absorptive  insula- 
tors, which  separate  the  wires  from  each  other  and  from  the  surface  wired 
over  in  accordance  with  following  table : 


0  to  22ft 
236  "   &50 


DISTAKCK  FHOIW  SUftrACl. 

4  inch. 


niSTANCK   SSTWBBK    WIRES. 

21  inche». 
4 


^B  Rild'l  supptntinj;  requires  under  ordinarjr  cxindllions,  where  wiring  alnng  flat  surfaces,  supports  at 

kast  every  four  and  one-half  feet.  If  the  wires  arc  liable  (o  be  disiurbcd,  the  distance  bietween  supports 
itiould  be  shwlencd.  In  buildings  of  mill  construction,  mains  of  Nti,  8  R.  &  S.  wire  or  over,  where  not 
tUble  to  be  disturbed,  may  be  separated  about  four  inches,  and  run  Irotu  timber  to  tiiaber,  not  breaking 
arouiul,  and  inay  be  supported  at  each  timber  only. 

This  rule  will  not  be  ioterpretet]  to  (orbid  the  placing  of  the  neutral  of  a  three-wire  system  in  tite 
oeatcr  <A  a  three-wire  cleat,  provided  the  outside  wires  arc  separated  in  accordance  wtiU  above  table. 

K         In  damp  places,   such  as   Breweries^  Sugar  Houses,  Packing  Houses, 

^^^  Stables,  Dye  Houses,  Paper  or  Pulp  Mills^  or  buildings  specially 

^^^K  liable  to  moisture  or  acid  or  other  fumes  liable  to  injure  the  wires  or 

^^^V  their  insulation,  except  ivhere  used  for  pendants  : 

^P        I.   Must  have  an  approved  rubber  insulating  covering  (see  No.  41). 
V         j.   Must  be  rigidly  supported  on  non-combustible,  non-absorplive  insula- 
I    tors,  which  separate  the  wire  at  least  one  inch  from  the  surface  wired  over,  and 
they  must  be  kept  apart  at  least  two  and  one-half  inches. 

Rigid  supporting  Teqoires  under  ordinary  conditions,  where  wiring  over  Rat  surfaces,  supports  at 
least  every  lour  and  one-half  feet.  If  the  wires  are  liable  to  be  disturbed,  the  distance  between  siip- 
potia  should  be  shortened.  In  buildings  of  mill  conMruction,  mains  of  No.  H  B,  &  S,  wire  or  over, 
where  not  liable  to  be  disturbed,  may  he  separated  about  four  inches,  and  run  from  timber  to  timber, 
not  breaking  around,  and  may  he  supported  at  each  timbca'  only. 

k.  Must  have  no  joints  or  splices. 
For  molding  work  :  ^ 

/.   Mu.st  have  approved xw\h^  insulating  covering  (see  No.  41). 

w.   Must  never  be  placed  in  molding  in  concealed  or  damp  places. 
For  c;onduit  wotk : 

«.    Must  have  an  approved tn^^x  insulating  covering  (see  No.  47). 

o.  Must  not  be  drawn  in  until  all  mechanical  work  on  the  building  has 
been,  as  far  as  pos.sible,  completed, 

p.  Must,  for  alternating  systems,  have  the  two  or  more  wires  of  a  circuit 
drawn  in  the  same  conduit. 

it  ta  advised  that  this  be  di.ne  for  direct -current  syatemt  als...  so  that  they  nwy  be  changed  to 
altenuttng  systetns  at  any  time,  induction  troubles  preventing  such  st  chanj?c  unless  this  construction  U 
followed. 
For  concealed  "'  knob  and  tulie  "  work  : 

q.  Must  have  an  approved  rubber  insulating  covering  (see  No.  41>, 
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rn    ••   .<•.   trr.p^.A*'^  Z.J-  r  -s-  ^  *sar    OK-   uc^    r-nt  !!:£-  ^cnEc  «iTe&  jwes:  aid 
x..  4t   >-  ..<>•  ^   ^-2^    *n  z^'-zmk::  ■.£r.irr,..gn_  rr:i>=.   aasKni^    Knmg  le  mn.  ang^ 

A.jt^  w^r^'^^'-—  x»tw>*  Mib?  iiaiiMT  -nil  •i.wwL-  -«r«is  wiuv.  -iua^  ^ac  wmimrm  ■>■■(> s 
.,««*   '..«-     i-vr  ■■m.^   iVM^ats    M«^.      :   *£»  aoK  jt^    .a£L;«<  I    *-   ■■■II  !■     3e-aK>BEe  ftu  vpws 

^^y>  M,f  tt-f.rj'.-ei  'J»*^f  r::;  .»:i;j:k  ■j'-wr:i  iin  .— r«re.  i«^  ^J,L  4|f»  3iaj-  ijcised 
w':*^-»  •»#»  ti»t*»r-nr-»  u   weniuii  i*!r»^cs  wttt*  *  aur   ■Tnrr'  3B»  vutSL arrnfof  it 

«il  is  •.■riff,.  «r./;  c  'fp*:!'-  *!!r:iirrt  n  liscs  ir  f  IK  cacrrac-:  if  latcanai  b^ 
.«.«An  •-  r^-i  «  1/vf  \»-.'r  a»««  ••  virs.  soit  t  »rrna  mi  tut  -ssonyxa.  "d  nuisoire.  Act 
*t'^.'  -^  U-i\*»/t  VI  -Im  iv\»j.  »*  j**ni  r  leaaizcbtr  nnwrr  -tnnu^siuui:  ia  o^pmcd 

f    '/  v;.T    v«"^    irt    tp'^'^r'-t.i  rir.riKr  n.siiiarnng  rrrmHf   art  X-i.  ♦0.  and 

*  .v^-^  ,'  */.»wi  w-r.vi,  itut  ■wc«::ail'*  "iie  igiir**  -n  iimr-  •irck.  aast  be 
/-w*  ^*  ''.it  ^f  '/  .ii»  jrwn«^«^  'ar:  -c  j3a-5»at»  urn.  ▼nt--^  iheils  jre  ased.ti>e 
.«  ^/'  i^.-^f  •/»  '/ri4..';i-r.»ri  .n  &  ■n.-inaer  sif.irtini?  «iific:i=tr  area.  13  allow  tbis 

',/     K  ,.<r   m-.f^.  •»  /'..r*-*  ir*  ■»Tr^  iiirawii*.  ':e  *;  *ecur-d  x»  aocoo  be  cut  or 

r   «  ',    .  f      '  M     .  /»  -^  "^.^  1-    ;  -     -'iT-  i-ir.?  Ml*  3w.s-a-.n  :r  eer*i3r  Tit  «  As  c-rtnijctjr*  M  pro- 

/  ,        ..■.••••'«•«.-•..■    ■<-,•-  ■  "'-t    T  :m    ni:i  -rir?.      T  i  *«s  ir  rT:»iii:"-«  ire  to  be 

•  .•,...■•    4    -1  <•■'-.   V.   -t..  ^   J  ;•  r  -  r  T::iii.iO  c  r<:r**es   »-.:?»  i=-i  •!«. or 


//  '■'»'','!,•'.,"■,  ;.;:•,;.'.;(  ar.  ir.-.^r-iiJ  fdiin:  ■?:■::  -f  Ie>5  than  rive-eighths 
/,/  -If,  I.',' .,  :.'...,.,  -^  .  *  '\.  'If  t.f,'.A  .\\  i*  H.-.-ai.  cr-tis-rener::  to  be  taken  inside 
.,\  ;.r„r.v, 

//  M  .  '  \,'  I ',u\'\u<if>'\-\  from  ooe  jiinctior.  !x>x  to  another  or  to  fixtures, 
.%ui\  O,'  ",(,'!  (it  »w»^-  ffii  .r  j;rof/*-rly  enter  all  n:::n^"i. 

/     "/t  »..t  l/«  fif  .»  if.'.f;ill»:r|  as  a  complete  conduit  system,  without  the  con 

,/    M.i..f  \,i-  I  '|iiipp«  r|  ;it  jvfrry  outlet  with  an  afprcK'td  outlet  box. 

r  M«  i.il  «  or(*|.iii'..  wl.«r<-  tlx-y  enter  junction  l)oxes,  and  at  all  otherout- 
I.  I.,  .  t.  ,  iMuvi  l.r  (iiifd  .AJili  a  iA\)\)'\x\'fi  iii  approved  insulating  material,  fitted 
.;«»  ,1.  t/i  |iif,i»((  wnr  Ifoiii  abrasion. 

/     Mici    have    llu:    Mictal    of    the    conduit    permanently   and    eflectively 

('I'liinili  (I 
.'M      KUtlllrn 

f.SVv  tirs<y  j\'o.  24  /  (o  v.) 

,t  Mir.i.  wImii  •.u|.p(»it«rl  from  the  gas-pipinp  of  a  buildinp;,  be  insulated 
liiiin  III!  \\.\-.  jiipr  '.v'.irm  by  iiHMiis  of  approved  insulating  joints  (see  No.  6^) 
|i|a(  111  .v\  t  lii'.r  a'l  |Hi>.',ilt|c  li>  tlu'  ii'ilinj^. 

|(  I, iiikikI.  .1  iliii  iti.    j-.i .  ..iiiK  t  |.i|.f  111- |>r()teii«-<l  .itiove  tlu-  insulating  joint  by  a  non-com- 

|.it,.nl<l.  ,  II.. I.  .1.  ..i|.iu.  lii-..il.ini.K  iiil.r.  luvin^  u  llannc  at  tho  lower  end  where  it  come*  in  cooUct  «i«k 
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the  insulating  joint  \  and  that,  mrberc  outlet  tubes  are  used,  they  be  of  sufficient  Icnifth  to  extend  bdow 
the  in»alating  jioint.  Vid  that  they  be  so  secured  that  they  will  nut  be  pushed  back  when  the  cinopjr  is 
put  in  place.  Where  iron  ceilings  ^u-e  u^d,  care  must  be  taken  to  »ec  thai  the  c»oupy  i&  ihuroughly  and 
permanently  insulated  froni  the  ceiling. 

b.  Must  have  all  burs,  or  fins,  removed  before  the  conductors  are  drawn 
into  the  fixture. 

c.  The  tendency  to  condensation  within  the  pipes  should  be  guarded 
against  by  sealing  the  upper  end  of  the  fixture. 

d.  No  combination  fixture  in  which  the  conductors  are  concealed  in  a  space 
less  than  one-fourth  inch  between  the  inside  pipe  and  the  outside  casing  will 

.  be  approved. 

'  e.  Must  be  tested  for  "contacts"  between  conductors  and  fixture,  for 
"short  circuits,"  and  for  ground  connections  before  it  is  connected  to  its 
supply  conductors. 

/*.  Ceiling  blocks  for  fixtures  should  be  made  of  insulating  material ;  if  not 
the  wires  in  passing  through  the  plate  must  be  surrounded  with  non-combustible 
non-absorptive,  insulating:  material,  such  as  glass  or  porcelain. 

g.  Under  no  conditions  shall  there  be  a  difference  of  potential  of  more 
than  ^^tK>  volts  between  wires  contained  in  or  attached  to  the  same  fixture 

27.   Sockets  — 

{For  construction  rules,  sec  lYo.  55.) 

a.  In  rooms  where  inflammable  gases  may  exist  the  incandescent  lamp 
and  socket  must  be  inclosed  in  a  vap^r-tiftht  globe,  and  sup|>orled  on  a  pipe 
hanger,  wired  with  c/Z/r^T'tv/ rubber-covered  wire  (see  No.  41)  soldered  directly 
to  the  circuit. 

h^  In  damp  or  wet  places,  or  over  specially  inflammable  stuff,  waterproof 
sockets  must  be  used. 

When  waterproof  sockets  are  used,  they  should  be  hii.n|;  by  separate  stranded  rubber-covered 
frire4.  not  smalter  than  No.  i^  B,  &  S,,  wl)ich  should  preferably  be  twiMed  toucther  when  the  drop  is 
over  three  feet.  These  wires  should  be  soldered  direct  to  the  drcait  wires,  but  supported  independently 
of  them. 

S8.  Flexible  Cord  — 

a.  Must  have  an  approved  insulation  and  covering  (see  No.  45). 

b.  Must  not  be  used  where  the  difference  of  potential  between  the  two 
wires  is  over  3tH>  volts. 

e.  Must  not  be  used  as  a  support  for  clusters. 

d.  Must  not  be  used  except  for  pendants,  wiring  of  fixtures,  and  portable 
lamps  or  motors. 

e.  Must  not  be  used  in  show  windows. 
/!    Must  be  protected   by  insulating  bushings  where  the  cord  enter.s  the 

socket. 

g.  Must  be  so  suspended  that  the  entire  weight  of  the  socket  and  lamp  will 
be  borne  by  knots  under  the  bushing  in  the  socket,  and  above  the  point  where 
the  cord  comes  through  the  ceiling  block  or  rosette,  in  order  that  the  strain 
may  be  taken  from  the  joints  and  binding  screws. 

29.  Arc  Lights  on  tow-Potential  Circuits  — 

a.  Must  have  a  cutout  {see  No.  17«)  for  each  lamp  or  each  series  of 
lamps. 


L 


The  branch  condacton  thould  ha^ve  a  carrying  capacity  about  fifty  per  ceni  in  ckob  of  the  nonna] 
curreni  requixed  by  the  lamp  to  provide  for  heavy  current  required  when  lamp  is  itarted  ot  iiheo  orbow 
become  stuck  without  overtusinj;  the  wires. 

d.  Must  only  be  furnished  with  such  resistances  or  regulators  as  are  in- 
closed in  non-combustible  material,  such  resistances  being  treated  as  sources 
of  heat     Incandescent  lamps  must  not  be  used  for  resistance  devices. 

i*.  Must  be  supplied  with  globes  and  protected  by  spark  arresters  and  wire 
netting  around  globe,  as  in  the  case  of  arc  lights  on  high-polentiaJ  circuits  (sec 
Nos.  19  and  56}. 

3(1  Sconomy  Coils  — 

a.  Economy  and  compensator  coils  for  arc  lamps  must  be  mounled  oo 
non-combustible,  non-absorptive  insulating  supports,  such  as  glass  or  porcelain, 
allowing  an  air  space  of  at  least  one  inch  between  frame  and  support,  and  in 
general  to  be  treated  like  sources  of  heat. 

31.  Decorative  Series  Lamps —  ' 
a.   Incandescent  lamps  run  in  series  shall  not  be  used  for  decorative  pur- 
poses inside  of  buildings,  except  by  special  permission  in  writing  from  the 
Inspection  Department  having  jurisdiction. 

32.  Car  Wiring  — 
a.   Must  be  always  run  out  of  reach  of  the  passengers,  and  roust  have  : 

^zZ/rtn/i**/ rubber-insulating  covering  (sec  No.  41) 

33.  Car  Houses  — 

a.  Must  have  the  trolley  wires  securely  supported  on  insulating  hangers. 

b.  Must  have  the  trolley  hangers  placed  at  such  distance  apart  that,  in 
case  of  a  break  in  the  trolley  wire,  contact  cannot  be  made  with  the  tloor. 

c.  Must  have  cutout  switch  located  at  a  proper  place  outside  of  the  build- 
ing, so  that  all  trolley  circuits  in  the  building  can  be  cut  out  at  one  point,  and 
line  circuit-breakers  must  be  installed,  so  that  when  this  cutout  switch  is  opeo 
the  trolley  wire  will  be  dead  at  all  points  within  ]CK>  feet  of  the  building.  Th« 
current  must  be  cut  out  of  the  building  whenever  the  same  is  not  in  use  or  the 
road  not  in  operation. 

d.  Must  have  all  lamps  and  stationary  motors  installed  in  such  a  way  that 
one  main  switch  can  control  the  whole  of  each  installation  ^lighting  or 
power  —  independently  of  main  feeder-switch.  No  portable  incandescent 
lamps  or  twin  wire  allowed,  except  that  portable  incandescent  lamps  maybe 
used  in  the  pits,  connections  to  be  made  by  two  approved  ruHier-covered  flex- 
ible wires  (see  No,  41),  properly  protected  against  mechanical  injury;  the  cir- 
cuit to  be  controlled  by  a  switch  placed  outside  of  the  pit, 

<r.  Must  have  all  wiring  and  apparatus  installed  in  accordance  with  rules 
under  Class  "C"  for  constant  potential  systems. 

/.  Must  not  have  any  -system  of  feeder  distribution  centering  in  the 
building. 

g.  Must  have  the  rails  bonded  at  each  joint  with  no  less  than  No.  2  B.  &S. 
annealed  copper  wire,  also  a  supplementary  wire  to  be  run  for  each  track. 

h.  Must  not  have  cars  left  with  trolley  in  electrical  connection  with  th« 
trolley  wire. 
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84,   Lighting  and  Power  from  Railway  Wiret  — 

^a.  Must  not  be  permitted,  under  any  pretense,  in  the  same  circuit  with 
trolley  wires  with  a  jground  return,  except  in  electric  railway  cars,  electric  car 
houses  and  their  power  stations ;  nor  shall  the  same  dyaamo  be  used  for  both 
purposes. 

HIGH-POTENTIAL  SYSTEMS. 

5fiO  TO  3,500  Volts. 
Any  circuit  attached  to  any  machine^  or  combination  of  machines^  which  di- 
i>eiaps  a  difference  of  potetitialy  between  any  two  wires,  of  oi>er  $00  volts 
and  less  than  3^500  I'olts,  shall  be  considered  as  a  high-potential  circuity 
and  as  comingunder  that  class,,  unless  an  approved  transfortning device 
is  used,,  which  cuts  the  difference  of  potential  down  to  SOO  volts  or  less. 

I  U.  Wirea  — 

{See  also  Nos.  U,  15,  and  16.) 

a.   Must  have  an  rt/^^r^i'^// rubber-insulating  covering  (see  No,  41), 
d.   Must  be  always  in  plain  sight  and  never  incased,  except  where  required 
by  the  Inspection  Department  having  jurisdiction. 

c.  Must  be  rigidly  supported  on  glass  or  porcelain  insulators,  which  raise 
the  wire  at  least  one  inch  from  the  surface  wired  over,  and  must  be  kepi  apart 
at  least  four  inches  for  voltages  up  to  750  and  at  least  eight  inches  for  voltages 
over  750. 

Rigid  aapporting  requires  under  ordinary  cooditions,  where  wiring  aioof^  flat  surfaces,  supports 
at  least  about  every  four  Audi  (fnc-baH  feci.  I(  the  wires  arc  unusually  liable  to  be  disturbed,  the  dis- 
tance between  supports  should  be  shuriened. 

In  huildings  of  null  construction,  mains  o(  No.  8  H.  &  S.  wire  or  over,  where  not  liable  to  be  dis- 
turbed, may  be  separated  about  six  inches  for  voltages  up  Ici  T&O  and  about  le»  mches  for  voltages  above 
760 ;  and  ruti  from  timber  to  timber,  not  breaking  arotind,  .ind  may  be  supported  at  ead)  timber  only. 

d.  Must  be  protected  on  side  walls  from  mechanical  injury  by  a  substantial 
boxing,  retaining  an  air  space  of  one  inch  around  the  conductors,  closed  at  the 
top  (the  wires  pa.ssing  through  bushed  holes)  and  extending  not  less  than  seven 
feet  from  the  floor.  When  crossing  floor-timbers,  in  cellars  or  in  rooms,  where 
they  might  be  exposed  to  injury^  wires  must  be  attached  by  their  insulating 
supports  to  the  under  side  of  a  wooden  strip  not  less  than  one-half  an  inch  in 
thickness, 

36.   Tranaformera  (when  permitted  inside  buildings,  .see  No.  13)  — 
{For  construction  rules,  see  A'o.  6g.) 

a.  Must  be  located  at  a  point  as  near  as  possible  to  that  at  which  the  pri- 
mary wires  enter  the  building. 

d.  Must  be  placed  la  an  inch^sure  constructed  of  or  lined  with  fire-resisting 
material :  the  inclosure  to  be  used  only  for  this  purpose,  and  to  be  kept  securely 
locked,  and  access  to  the  same  allowed  only  to  responsible  persons, 

f.   Must  be  effectually  insulated   from  the  ground,  and  the  inclosure   in 
which  they  are  placed  must  be  practically  air-tight,  except  that  it  shall  be 
thoroughly  ventilated  to  the  outdoor  air,  if  nossible,  through  a  chimney  or  flue. 
There  should  be  at  least  six  inches  air  space  on  all  sides  of  the  transformer. 
i>7.   Series  Lampt  — 

a.  No  system  of  multiple-series  or  series-multiple  for  light  or  power  will 
be  approved. 

^.   Under  no  circumstances  can  lamps  be  attached  to  gas  fixtures. 


far  fcig>  jiiHiBli J  sfsftE«s»  wiKii  their 
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FITTINGS,  MATERIALS,  AND  DETAILS  OF 
CONSTRUCTION. 

Ait  Systems  and  Voltages, 

Rules  40  to  48' 
Oefieral  Snlei  — 

a.  Copper  for  insulated  conductors  must  never  vary  in  diameter  so  as  to 
be  more  than  two  one-thousandths  of  an  inch  less  than  the  specified  size. 

b.  Wires  and  cables  of  all  kinds  designed  to  meet  the  following  spccifia- 
lions  muat  be  plainly  tagged  or  marked  as  follows: 

1.  The  maximum  voltage  at  which  the  wire  is  designed  to  be  used. 

2,  The  words  "  National  Electrical  Code  Standard." 
8.   Name  of  the  manufacturing  company^  and,  if  desired,  tradename 

the  wire. 
4.   Month  and  year  when  manufactured. 

41.   Rubber-Covered  — 

a.  Copper  for  conductors  must  be  thoroughly  tinned. 
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losnlAtion  lor  rolUfes  tetwMa  o  AAd  600: 

b.    Must  be  of  rubber  or  other  approved  substance,  and  he  of  a  thickness 
not  less  than  that  given  in  the  following  table  for  B,  &  S.  gauge  sizes: 


From 

18  to 

16, 

inclusive 

,A' 

n 

U  to 

8r 

" 

A' 

t( 

7  to 

•t 

" 

A- 

U 

1  to 

oonii, 

" 

A 

«i 

ooon  to 

5no,(X)(>, 

C,  M. 

A 

ti 

500,OiK>  to 

1,000,  (wxi, 

" 

ii 

Larger  than 

1,000,000, 

" 

\ 

Measurements  of  insulating  wall  are  to  be  made  at  tlie  thinnest  portion  of 
the  dielectric. 

c.  The  completed  coverings  must  show  an  insulation  resistance  of  at  least 
100  megohms  per  mile  during  thirty  days'  immersion  in  water  at  seventy 
degrees  FahrenheiL 

1/.  Each  foot  of  the  completed  covering  must  show  a  dlielectric  strength 
sufficient  to  resist  throughout  five  minutes  the  application  of  an  electromotive 
force  of  3,(.KX>  volts  per  one-sixtyfourth  of  an  inch  thickness  of  insulation  under 
ttie  following  conditions : 

The  source  of  alternating  electro-motive  force  shall  be  a  transformer  of  at 
least  one  kilowatt  capacity.  The  application  of  the  electro-motive  force  shall 
first  be  made  at  I.OOil'  volts  for  five  minutes  and  then  the  voltage  increased  by 
steps  of  not  over  3,000  volts,  each  held  for  five  nvinutes,  until  the  rupture  of  the 
insulation  occurs.  The  tests  for  dielectric  strength  shall  be  made  on  a  sample 
of  wire  which  has  been  immersed  for  seventy-two  hours  in  water,  one  foot  of 
which  is  submerged  in  a  conducting  liquid  held  in  a  metal  trough,  one  of  the 
transformer  terminals  being  connected  to  the  copper  of  the  wire  and  the  other 
to  the  metal  of  the  trough. 


latnUtioai  for  voltitget  Ixtweea  600  and  3,500 : 

e.  The  thickness  of  the  insulating  walls  must  not  be  less  than  those  given 
in  the  following  table  for  D.  &  S.  gauge  sizes: 

From  14  to  1,  inclusive,     h" 

From  0  to  500,000,  C.  M.,  A"  covered  by  a  tape  or  a  braid. 

Larger  than  r»00,rtOO,  C.  M..  A"  covered  by  a  tape  or  a  braid, 

f.  The  requirements  as  to  insulation  and  break-down  resistance  for  wires 
for  low-potential  systems  shall  apply,  with  the  exception  that  an  insulation  re- 
sistance of  not  less  than  30O  megohms  per  mile  shall  be  required. 

g.  Wire  for  arc-light  circuits  exceeding  3,r>00  volts  potential  shall  have  an 
insulating  wall  not  less  than  wx-thirty-seconds  of  an  inch  in  thickness,  and 
shall  withstand  a  break-down  test  of  at  least  30,000  volts  and  have  an  insula- 
tion of  at  least  -500  megohms  per  mile. 

The  tests  on  this  wire  to  be  made  under  the  same  conditions  as  for  low- 
potential  wires. 


specifications  for  instiUlions  for  alternating  nirretits  euceodinji  1,500  vo!t»  have  hern  cno^dered, 
but  on  account  of  the  somewhai  complex  cqaditiook  in  such  nork,  it  t.ds  »u  t<ir  been  dtcincd  Inexpedietit 
to  spedfy  general  insulations  for  this  use. 


L 
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h.  All  of  the  above  insulations  must  be  protected  by  a  substantial  braided 
covering  properly  saturated  with  a  preservative  compound  and  suffidcntly 
strong  to  withstand  all  the  abrasion  likely  to  be  met  with  in  practice,  and 
sufficiently  ela.stic  to  permit  all  wires  smaller  than  No.  7  B.  &  S,  gage  to  be 
bent  around  a  cylinder  with  twice  the  diameter  of  the  wire,  without  injury  to 


the  braid. 


42.  Slow-burniag  Weatlierproof — 

a.  The  insulation  shall  consist  of  two  coatings,  the  inner  one  to  be 
proof  in  character,  the  outer  to  be  weatherproof.  The  inner  fireproof  coating 
must  comprise  at  least  six-tenths  of  the  total  thickness  of  the  wall.  The  com- 
pleted covering  must  be  of  a  thickness  not  less  than  that  given  in  the  following 
table  for  B.  &  S.  gauge  sizes: 


B^^^ 


From 

14  to 

8, 

inclusive, 

A" 

ti 

7  to 

2. 

A" 

«» 

2  to 

0000, 

A'' 

«i 

oom)  to 

6(>0.0<X), 

C.  M., 

A" 

a 

600,000  to 

l,OtKJ,(M)0, 

it 

A" 

Larger 

than 

1,(100,000, 

ti 

*" 

Measurements  of  insulating  wall  arc  lo  be  made  at  the  thinnest  porlion 
the  dielectric. 

h.  The  inner  fireproof  coating  shall  be  layers  of  cotton  or  other  thread,  the 
outer  one  of  which  must  be  braided.  All  the  interstices  of  these  layers  arc  to 
be  filled  with  the  fireproofing  compound.  This  is  to  be  material  whose  solid 
constituent  is  not  susceptible  to  moisture,  and  which  will  not  burn  even  when 
ground  in  an  oxidi^able  oil,  making  a  compound  which,  while  proof  Against 
fire  and  moisture,  at  the  same  time  has  considerable  elasticity,  and  which  when 
dry  will  suffer  no  change  at  a  temperature  of  HoO  degrees  Fahrenheit,  and 
which  will  not  burn  at  even  higher  temperature. 

c.  The  weatherproof  coaling  shall  be  a  stout  braid  thoroughly  saturated 
with  a  dense  moistureproof  compound  thoroughly  slicked  down,  applied  in 
such  manner  as  to  drive  any  atmospheric  moisture  from  the  cotton  braiding,^ 
thereby  securing  a  covering  to  a  great  degree  waterproof  and  of  high  insulal>fl 
ing  power.    This  compound  to  retain   its  elasticity  at  zero  Fahrenheit,  and 
not  lo  drip  at  100  degrees  Fahrenheit. 


1 


Thu  wire  Is  nol  aa  bumahle  u  the  old  "  weatherproof,"  nor  as  subjccl  to  aofteuing  uixScr  I 
but  atil)  is  able  to  repel  tbe  orditury  amount  of  mouture  (ound  indoors.  It  would  not  tuually  be  i 
lor  oultiide  work. 

43.   Slow-burning  — 

a.  The  insulation  shall  be  the  same  as  the  ^'  slow-burning  weatherproof* 
except  that  the  outer  braiding  shall  be  impregnated  with  a  fireproofing  com- 
pound similar  to  that  required  for  the  interior  layers,  and  with  the  outer  Bur< 
face  finished  smooth  and  hard. 

Thii  "  slow-bumfof;  *'  wire  shall  only  be  uAcd  with  special  penmiuion  of  th«  Inspection  Dcfofi- 
ment  hawinjj  jurisdiction. 

Thij  if  practically  the  old  "  Underwritera'  "  insulation.  It  t>  specially  useful  in  bol,  dryplso* 
wbere  orditiary  inaulatioos  would   |>eri9h,  also  where  wires  are  buDcbed,  as  on  Uie  badt  «(  «  lsr|« 
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twitchboord  or  in  a  wire  tower,  so  that  the  accumuladon  of  rubber  or  weatherproof  ioAuIatioii  would 
result  in  an  objeciioDabiy  large  mass  ol  highljr  inflaininable  material. 

Its  use  is  restricted,  an  its  toBulattag  qualities  are  not  high  and  are  damaged  by  moisture, 

44.  Weatherproof  — 

a.  The  msulating  covering  shall  consist  of  at  kast  three  braids  tlvoroughly 
impregnated  with  a  dense  moisture  repellent,  which  will  no  I  drip  at  a  temper- 
ature lower  than  18()  degrees  Fahrenheit.  The  thickness  of  insulation  shall  be 
not  less  than  that  of  ''  slow-burning  wealberproof,"  The  outer  surface  shall 
be  thoroughly  slicked  down," 

This  wire  La  for  outdoor  use  where  moiiture  is  certain  and  where  fireproof  qualities  are  not  neoes- 
nxj. 

45.  Flexible  Cord — 

a.  Must  be  made  of  stranded  copper  conductors,  each  strand  to  be  not 
larger  than  No.  26  or  smaller  than  No,  M  B.  &  S.  gauge,  and  each  stranded 
conductor  must  be  covered  by  an  approved  insulation  and  protected  from 
mechanical  injury  by  a  tough  braided  outer  covering. 

For  pendent  lajnps : 

In  this  class  is  to  be  included  all  flexible  cord  which  under  usual  condi- 
tions hangs  freely  in  air,  and  which  is  not  likely  to  be  moved  sufficiently  to 
come  in  contact  with  surrounding  objects. 

b.  Each  stranded  conduclor  must  have  a  carrying  capacity  equivalent  to 
not  less  than  a  No,  IS  B.  &  S.  gauge  wire. 

c.  The  covering  of  each  stranded  conductor  must  be  made  up  as  follows  r 

1.  A  tight,  close  wind  of  fine  cotton, 

2.  The  insulation   proper,  which   shall  be  either  waterproof  or  slow- 
burning. 

8.  An  outer  cover  of  silk  or  cotton. 

The  wind  of  cotton  tends  to  prevent  a  broken  strand  pKincturing  the  iuubtloit  atid  causing  a 
abort  circuit,     it  also  Icceps  tbe  nibtwr  from  corroding  the  copper, 

d.  Waterproof  insulation  must  be  solid,  at  least  one-thirty-second  of  an 
inch  thick,  and  must  show  an  insulation  resistance  of  fifty  megohms  per  mile 
throughout  two  weeks'  immersion  in  water  at  70  degrees  Fahrenheit,  and  stand 
the  tests  prescribed  for  low-tension  wires  as  far  as  they  apply, 

e.  Slow  burning  insulation  must  be  at  least  one-thirt>'-second  of  an  inch  in 
thickness,  and  composed  of  substantial,  elastic,  slow-burning  materials,  which 
will  suffer  no  damage  at  a  temperature  of  2n<)  degrees  Fahrenheit, 

f.  The  outer  protecting  braiding  should  be  so  put  on  and  sealed  in  place 
that  when  cut  it  will  not  fray  out,  and  where  cotton  is  used,  it  should  be  im- 
pregnated with  a  flameproof  paint,  which  will  not  have  an  injurious  effect  on 
tlie  insulation. 

Pot  portablef ; 

In  this  class  is  included 
motors,  etc. 

g.  Flexible  cord  for  portable  use  must  have  waterproof  insulation  as 
required  in  section  dlcix  pendent  cord,  and  in  addition  be  pro\nded  with  a  rein- 
forcing cover  especially  designed  to  withstand  the  abrasion  it  will  be  subject 
to  in  the  uses  to  which  it  is  to  be  put. 


all  cord  used  on  portable  lamps,  small  portable 
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For  portable  beatine  apparatus  : 

h.  Must  be  made  up  as  follows:  — 

1.  A  t:j;ht^  dose  wind  of  fine  cotton. 

2.  A  thin  layer  of  rubber  about  one-one-hundredth  of  an  inch  (hiclk^or 
otlier  cementing  material. 

3.  A  layer  of  asbestos  insulation  at  least  three-sixty-fourths  of  an  inch 
thick. 

4.  A  stout  braid  of  cotton. 

5.  An  outer  reinforcing  cover  especially  designed  to  withstand  abrasiOB. 


This  cord  t«  in  no  %eaie  waterproof,  the  (hin  layer  ol  niSbcr  being  specified  in  order  that  {|  my 
i  merely  a^  a  seal  to  help  hold  in  place  the  6ne  cotton  aad  asbestui,  and  it  shotild  be  so  p«i  on  ii  to 


( 


acoompiich  this. 


rovtr-     ■ 


40.   Fiztttie  Wire  — 

a.  Must  have  a  solid  insulation,  with  a  slow-burning,  tough,  outer  cover- 
ing, the  whole  to  be  at  onc-thirt\'-second  of  an  inch  in  thickness,  and  show  an 
insulation  resistance  between  conductors,  and  between  either  conductor  and 
the  ground,  of  at  least  one  megohm  per  mile,  after  one  week's  submersion  in 
water  at  seventy  degrees  Fahrenheit,  and  after  three  minutes'  electribcatioa, 
with  oiW  volLs. 


47.   Conduit  Wire  — 


wires 


Must  comply  with  the  following  specifications: 

a.  For  metal  conduits,  having  a  lining  of  insulating  material,  single 
must  comply  with  No.  41,  and  all  duplex,  twin,  and  concentric  conductors  mial 
comply  with  N»».  41,  and  must  also  have  each  conductor  separately  braided  or 
taped  and  a  substantial  braid  covering  the  whole. 

b.  For  untined  metal  conduits,  conductors  must  conform  to  the  specifica- 
tions given  for  lined  conduits,  and  in  addition  have  a  second  outer  fibrous 
covering  at  least  one-ihirt\'-second  of  an  inch  in  thickness,  and  sufficiently 
tenacious  to  withstand  the  abrasion  of  being  hauled  through  the  metaii 
conduit. 

The  braid  required  around  each  conductor  in  duplex,  twin,  and  concentric  cabias  la  to  bold 
rubber  iiaulatioB  in  place  and  prevent  jamming  and  flattening. 


48.   Armored  Cable  — 

a.  The  armor  of  such  cal>les  nmst  be  at  least  equal  in  thickness  and 
equal  stren^jlh  to  resist  penetration  by  nails,  etc.,  as  the  armor  of  metal  cover- 
ings of  metal  conduits  (see  No.  40  b). 

b.  The  conductors  in  same,  single  wire  or  twin  conductors,  must  have  a^| 
insulating  covering  as  required  by  No.  41,  any  filler  used  to  secure  a  rouno" 
exterior  must  be  impregnated  with  a  moisture  repellent  and  the  whole  bunch 
of  conductors  and  fillers  must  have  a  separate  exterior  covering  of  insulatio 
materia!  at  least  one-thirty-second  of  an  inch  in  thickness,  conforming  to  th 
insulation  standard  given  in  No.  41,  and  covered  with  a  substantial  braid. 

Very  reliabV  insulation  is  specified,  as  «ich  cables  are  JiaWe  to  hard  u«ge.and  in  part  of  I 
lenelh  may  be  mibject  to  moistitre.  while  they  may  not  be  easily  re»ngvable,  so  that  a  breakdi9««  < 
inaalatilon  b  liltely  to  be  expensive. 
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Interior  Conduits  — 

{for  wiring  ruies^  see  Nos.  S4  and  S5.) 

a.  Each  length  of  conduit,  whether  insulated  or  uninsulated,  must  have 
the  maker's  name  or  initials  stamped  in  the  metal  or  attached  thereto  in  a 
satisfactory  manner,  so  that  the  inspectors  can  readily  see  tlie  same. 

Metal  Covdltits  with  Lining  of  Insulating  Material, 

b.  The  metal  covering  or  pipe  must  be  equal  in  strength  to  the  ordinary 
commercial  forms  of  gas-pipe  of  the  same  size,  and  its  thickness  must  be  not 
less  than  that  of  standard  gas-pipe,  as  shown  by  the  following  table : 


I 


I 


ThicknesK  of 
Wall  -  Inches. 

Am 

.111 
.1 13 
.134 


Thick  n  CM  of 
Wall —  inches, 

.140 

.140 


An  allowance  of  two-one-hiindredths  of  an  inch  for  variation  in  manufac- 
turing and  lo.ss  of  thickness  by  cleaning  will  be  permitted. 

c.  Must  not  be  seriously  affected  externally  by  burning  out  a  wire  inside 
the  lube  when  the  iron  pipe  is  connected  to  one  side  of  the  circuit, 

d.  Must  have  the  insulating  lining  firmly  secured  to  the  pipe. 

e.  The  insulating  lining  must  not  crack  or  break  when  a  length  of  the 
conduit  is  uniformly  bent  al  temperature  of  212  degrees  Fahrenheit  to  an  angle 
of  ninety  degrees,  with  a  curve  having  a  radius  of  fifteen  inches,  for  pipes  of 
one  inch  and  less,  and  fifteen  times  ihe  diameter  of  pipe  for  larger  pipes. 

/.  The  insulating  lining  must  not  soften  injuriously  at  a  temperature 
below  212  degrees  Fahrenheit,  and  must  leave  water  in  which  it  is  boiled 
practically  neutral. 

^.  The  insulating  lining  must  be  at  least  one-thirty-second  of  an  inch  in 
thickness,  and  the  materials  of  which  it  is  composed  must  be  of  such  a  nature 
as  will  not  have  a  deteriorating  effect  on  the  insulation  of  the  conductor,  and 
be  sufficiently  tough  and  tenacious  to  withstand  the  abrasion  test  of  drawing 
long  lengths  of  conductors  in  and  out  of  same. 

h.  The  insulating  lining  must  not  be  mechanically  weak  after  three  days' 
submersion  in  Avater,  and  when  removed  from  the  pipe  entire  must  not  absorb 
more  than  ten  per  cent  of  its  weight  of  water  during  ilW  hours  of  submersion. 

/',  All  elbows  or  bends  must  be  so  made  that  the  conduit  or  lining  of  same 
will  not  be  injured.  The  radius  of  the  curve  of  the  inner  edge  of  any  elbow 
not  to  be  less  than  three  and  one-half  inches.  Must  have  not  more  than  the 
equivalent  of  four  quarter  bends  from  outlet  to  outlet,  the  bends  al  the  outlets 
not  being  counted. 

UsLiNED  Metal  Con nu its. 

J.  Plain  iron  or  steel  pipes  of  equal  thickness  and  strengths  specified  for 
lined  conduits  in  No.  4l*  If  may  be  used  as  conduits,  provided  their  interior  sur- 
faces are  smooth  and  free  from  !nirs  :  pipe  to  be  galvanized,  or  the  interiot 
surfaces  coaled  or  enameled,  to  prevent  oxidation,  with  some  substance  which 
will  not  soften  so  ss  to  become  sticky  and  prevent  wire  from  being:  withdrawn 
from  the  pipe. 
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k.  All  dbovs  or  beads 

i^veiL    Tht  ndias  of  the  canre 

rawloM^alf 


{Fpt  mirin£  rmUs^  see  *V#-  £i.) 

a.  Matt  have,  both  ontade  aal  tMode;  at 
paint,  or  be  iMpffgwlfd  with  a  i»OMil«e  repcB^l 

>.  Moat  be  made  of  two  pieces,  a  limlihig  aad  ,^  .  ^ 
to  thoroaghtf  tacaae  the  wire,  and  provide  a  oafrh^Wiacb  iH^faa  btlaua  ifce 
ooodactors,  and  a  solid  baddng.  wbidi,  odcr  sroov«s»  abadl  aot  be  less  thaa 
three-eieblitt  of  aa  iach  in  thickness,  and  aratt  afford  wtitablr  pimenJijii  hoo 
abrasion. 


61.   Switches— 


I  lltot  ^itStf  kkrdwood  M4fc(  W  mmk. 


{Set  Nos.  tf  amd  »:^ 


a,  Musi  be  mounted  on  non-combustible,  noo-absorpthpe.  '■^■'^^'^■g  buet, 
such  as  slate  or  piorcdain. 

^.   Must  ha% cr  carrying  capacity  sufficient  to  prevent  ondoe  heatio^ 

c.  Must,  when  used  for  service  switches,  indicate,  oo  inapectioa,  whether 
the  current  be  **  on  "  or  "  oflF.** 

d.  Must  be  plainly  marked,  where  it  will  always  be  visible,  wflh  the  name 
of  the  maker  and  the  current  and  voltage  for  which  the  switch  is  designed. 

e.  Must,  for  constant  potential  systems,  operate  soocesfaBy  at  fifty  per 
cent  overload  in  amperes,  with  twenty-five  per  cent  excess  voltage 
most  severe  conditions  they  are  liable  to  meet  with  in  practice. 

f.  Must,  for  constant  potential  systems,  have  a  firm  and  accve 
must  make  and   break  readily,  and  not  stop  when  modan  has 
imparted  by  the  handle. 

g.  Must,  for  constant  current  systems,  close  the  main  drcitit  and  discoo' 
nect  the  branch  wires  when  turned  '*oiT";  must  be  so  coastmcted  that  they 
shall  be  automatic  in  action,  not  stopping  between  points  when  started,  auxl 
must  prevent  an  arc  between  the  points  under  all  circumstances.  Thjy  most 
indicate,  upon  inspection,  whether  the  current  be  •*on  "  or  "  off.** 


It  fiftv  per 
oiloe  heal 


J 


62.   Cutouts  and  Circuit'Breakers  — 

{For  iftstallatioH  nties,  see  Nos.  17  and  St.) 

a.  Must  be  supported  on  bases  of  non-combustible,  non -absorptive  ioso- 
lating  malerJal. 

b.  Cutouts  must  be  provided  with  covers,  when  not  arranged  in  approved 

cabinets,  so  as  to  obviate  any  danger  of  the  melted  fuse  metal  coming  m 
tact  with  any  substance  which  might  be  ignited  thereby. 

c.  Cutouts  must  operate  successfully,  under  the  most  severe  conditions 
they  are  liable  to  meet  with  in  practice,  on  short  circuits  with  fuses  rated  al 
fifty  per  cent  above,  and  with  a  voltage  twenty-five  per  cent  above  the  cufrtnJ 

id  voltage  for  which  ihcy  are  designed. 


"1 
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d.  Circuit-breakers  must  operate  successfully,  under  the  most  severe  con- 
ditions they  are  liable  to  meet  with  in  practice,  on  short  circuits  when  set  at 
fifty  per  cent  above  the  current,  and  with  a  voltage  twenty-five  per  cent  above 
that  for  which  they  are  designed. 

e.  Must  be  plainly  marked,  where  it  will  always  be  visible*  with  the  name 
of  the  maker,  and  current  and  voltage  for  which  the  d'evice  is  designed. 

53.   Fuaes  — 

{For  installation  ruUs,  see  Nos.  17  and  SI.) 

a.  Must  have  contact  surfaces  or  tips  of  harder  metal  having  perfect 
electrical  connection  with  the  fusible  part  of  the  strip. 

d.  Must  be  stamped  with  about  eighty  per  cent  of  the  maximum  current 
they  can  carry  indefinitely,  thus  allowing  about  twenty-five  per  cent  overload 
before  fuse  melts. 

With  naked  apen  (use*,  of  ordinary  ihaps  and  not  over  fiOO  amp«T»  capacitv^  the  majrimtiim  cur- 
reot  which  wrUl  melt  them  in  iibout  five  minutes  riiay  he  Mfely  taken  as  the  iridiing  puint,  as  ihe  fuse 
pncticaJly  re<icbe»  it4  maximum  tempenture  in  thia  lime.  With  larger  (u!h.>4  a  longer  ijme  is 
necca»ry. 

Ioclos«d  fuses  where  the  fuM  is  often  in  conuct  with  substances  havini;  good  conductivity  to  heat 
and  often  of  con«iderahle  volume,  require  a  much  lonRcr  lime  to  reach  a  maKimum  temperature,  on 
aKCOtint  of  the  lurrounding  matcridl  which  heats  up  sluMrly: 

Thcie  data  are  given  to  facilitate  lesling. 

c.  Fuse  terminals  must  be  stamped  with  the  maker^s  name,  initials,  or 
some  known  trade-mark. 
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64.  Cn tout  Cabinets  — 

a.  Must  be  so  constructed,  and  cutouts  so  arranged,  as  to  obviate  any 
dajiger  of  the  melted  fuse  metal  coming  in  contact  with  any  substance  which 
might  be  ignited  thereby. 

A  suitable  box  can  he  made  o(  marble,  slate,  or  wood,  strongly  put  together,  the  door  to  close 
afainst  a  rabbet  ko  as  to  t>e  purfeclEy  dusi-tight,  ami  it  should  he  hung  nn  strong  hinges,  and  held 
c]o«ed  by  a  strong  hook  or  catch.  If  the  hox  is  wood,  the  inside  should  be  lined  with  sheets  uf  astiestos 
board  about  one^ixtcenib  of  an  inch  in  thickness,  neatly  put  on  and  firmly  secured  in  place  by  shellac 
and  tacks.  The  wire  should  enter  through  hokts  hushed  with  porcelain  bushinKS  \  the  bushings  tightly 
fitting  the  holes  in  the  bux,  and  tl>e  wires  tightly  fitting  the  bushings  (using  Upe  to  build  up  the  wire,  if 
necessary)  so  as  to  keep  out  the  dust . 

65,  Sockets  — 

{See  No.  S7.) 

Sockets  of  all  kinds,  including  wall  receptacles,  must  be  constructed  in 
accordance  with  the  following  specifications;  — 

a.  Standard  Sizes. —  The  .«»tandard  lamp  socket  shall  l>e  suitable  for 
use  on  any  voltage  not  exceeding  2W  and  with  any  size  lamp  up  to  fifty  candle- 
power.  For  lamps  larger  than  fifty  candle-power  a  standard  keyless  socket 
may  be  used,  or  if  a  key  is  required,  a  special  socket  designed  for  the  current  to 
be  used  must  be  made.  Any  special  sockets  must  follow  the  general  spirit  of 
these  specifications. 

b.  Markinc;.  —  The  standard  socket  must  be  plainly  marked  fifty  candle- 
power^  250  volts,  and  with  either  the  manufacturer's  name  or  registered  trade- 
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mark.    Special  large  sockets  must  be  marked  with  the  current  and  voltage  for 
which  they  are  designed. 

c.  Shell.—  Metal  used  for  shells  must  be  moderately  hard,  but  not  hard 
enough  to  be  brittle  or  so  soft  as  to  be  easily  dented  or  knocked  out  of  pUo 
Brass  sliells  must  be  at  least  0,01;i  int:h  in  thickness,  and  shells  of  any  otiie 
material  must  be  thick  'enough  to  give    the  same  slififness  and    strength 
brass. 

d.  Lining. —  The  inside   of    the  shells  must  be  lined    with    insulatia 
material,  which  shall  absolutely  prevent  the  shell  from  becoming  a  part  of 
circuit,  even  though  the  wires  inside  the  socket  should  start  from  their  positio 
under  binding  screws. 

The  material  used  for  lining  must  be  at  least  one-thirty-second  of  an  inch 
in  thickness,  and  must  be  tough  and  tenacious.     It  must  not  be  in)unousl]|fl 
affected  by  the  heat  from  the  largest  lamp  permitted  in  the  socket,  and  muf^^l 
leave  the  water  in  which  it  is  boiled  practically  neutral.     It  must  be  so  firmly 
secured  to  the  shell  that  it  will  not  fall  out  with  ordinary  handling  of  the  sockev_ 
It  is  preferable  to  have  the  lining  in  one  piece.  ■ 

e.  Cap. —  Caps  when  of  sheet  brass  must  be  at  least  fVOl^inch  in  thickness, 
and  when  cast  or  made  of  other  metals  must  be  of  equivalent  strength.  The 
inlet  piece,  except  for  special  sockets,  must  be  tapped  and  threaded  for 
ordinary  one-cighth-inch  pipe.  It  must  contain  sufficient  metal  for  a  fu 
strong  thread,  aiid^  when  not  of  the  same  piece  as  the  cap,  most  be  joined  toj 
in  a  way  to  give  the  strength  of  a  single  piece. 

There  must  be  sufficient  room  in  the  cap  to  enable  the  ordinary  wirema 
to  easily  and  quickly  make  a  knot  in  the  cord  and  push  it  into  place  in  ca 
without  crowding.     All  parts  of  the  cap  upon  which  the  knot  is  likely  to 
must  be  smooth  and  well  insulated. 

f.  Fka.me   and  Screws. —  The   frame  holding  moving  parts  must  be 
sufficiently  heavy  to  give  ample  strength  and  stiffness. 

Urass  pieces  containing  screw  threads  must  be  at  least  0.()6  of  an  inch  iom 
thickness.  fl 

Binding  post  screws  must  not  be  smaller  than  No.  6  wire  and  about  forty 
til  reads  per  inch. 

g.  Spacing. —  Points  of  opposite  polarity  must  everywhere  be  kept  na 
less  than  three-sixty-fourthn  of  an  inch  apart  unless  separated  by  a  reliali 
insulation, 

h.  Connections. —  The  connecting  points  for  the  flexible  cord  must 
made  to  very  securely  grip  a  No.  KJ  or  18  B.  &  S.  conductor.     A  turned-' 
lug,  arranged  so  that  the  cord  may  be  gripped  between  the  screw  and  the  lug  hi 
such  a  way  that  it  cannot  possibly  come  out,  is  strongly  advised. 

/.   Lamp  Holuer. —  The  socket  must  firmly  hold  the  lamp  in  place  so  thai 
it  cannot  be  easily  jarred  out,  and  must  provide  a  contact  good  enough  to  pre- 
vent undue  heating   with   maximum  current  allowed.     The   holding   piece 
springs  and  the  like,  if  a  part  of  the  circuit,  must  not  be  sufficiently  exposed 
allow  them  to   be   brought   in  contact   with  anything  outside  of  lamp 
socket. 

/   Base.—  The  inside  parts  of  the  socket,  which  are  of  insulating  materia 
except  the  lining,  must  be  n^ade  of  porcelain. 

k.  Key,— The  socket  key-handle  must  be  of  such  a  materi.xl  that  it 
not  soften  from  the  heat  of  a  fifty  candle-power  lamp  hanging  downwards 
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air  at  seventy  degrees  Fahrenheit  from  the  socket,  and  must  be  securely, 
but  not  necessarily  rigidly,  attached  to  the  metal  spindle  it  is  designed  to 
turn. 

/,  Sealing.— All  screws  in  porcelain  pieces,  which  can  be  firmly  sealed 
in  place,  must  be  so  sealed  by  a  waterproof  compound  which  will  not  n^elt 
below  200  degrees  Fahrenheit 

in.  Putting  Together.  —  The  socket  must,  as  a  whole,  be  so  put 
together  that  it  will  not  ratde  to  pieces.  Bayonet  joints  or  equivalent  are 
recommended. 

n.  Test.—  The  socket  when  slowly  turned  *'  on  and  off,"  at  the  rate  of 
about  two  or  three  times  per  minute,  must  "make  and  break"  the  circuit 
6,000  times  before  failing,  when  carrying  a  load  of  one  ampere  at  220  volts, 

o.  Keyless  Sockets,  — Keyless  sockets  of  all  kinds  must  comply  with 
requirements  for  key  sockets  as  far  as  they  apply. 

p.  Sockets  of  Insulating  Materials.  — Sockets  made  of  porcelain 
or  other  insulating  material  must  conform  to  the  above  requirements  as  far  as 
they  apply,  and  all  parts  must  be  strong  enough  to  withstand  a  moderate 
amount  of  hard  usage  without  breaking. 

q.  Inlet  Bushing.— When  the  socket  is  not  attachetl  to  fixtures  the 
threaded  inlet  must  be  provided  with  a  strong  insulating  bushing,  having  a 
smooth  hole  of  at  least  fifteen-sixty-fourths  of  an  inch  in  diameter.  The 
corners  of  the  bushing  must  be  rounded  and  all  inside  fins  removed,  so  that  in 
no  place  will  the  cord  be  subjected  to  the  cutting  or  wearing  action  of  a  sharp 
edge. 

6().  Hinger-b^rds — 

a.  Hanger-boards  must  be  so  constructed  that  all  wires  and  current-carry- 
ing devices  thereon  shall  be  exposed  to  view,  and  thoroughly  insulated  by  being 
mounted  on  a  non-combustible,  non-absorptive  insulating  substance.  All 
switches  attached  to  the  same  must  be  so  constructed  that  they  shall  be 
automatic  in  their  action,  cutting  off  both  poles  to  the  lamp,  not  stopping 
between  points  when  started,  and  preventing  an  arc  between  points  under  all 
circumstances, 

57.  Arc  L&mpa  — 

{For  instaiiation  rules,  see  No.  10.) 

a.  Must  be  provided  with  reliable  stops  to  prevent  carbons  from  falling 
out  in  case  the  clamps  become  loose. 

d.   Must  be  carefully  insulated  from  the  circuit  in  all  their  exposed  parts. 

f.  Mast,  for  constant-current  systems,  be  provided  with  an  approved  hand 
swtch,  also  an  automatic  switch  that  will  shunl  the  current  around  the  carbons, 
should  they  fail  to  feed  properly. 

The  hand  switch  lo  be  approved,  if  placed  anywhere  except  on  the  lamp 
itself,  tnusl  comply  with  requirements  for  switches  on  hanger  boards  as  laid 
down  in  No.  50. 
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58.  Spark  Arresters  — 

{See  No.  19  c.) 

a.  Spark  arresters  must  so  close  the  upper  orifice  of  the  globe  that  it  wUl 
be  impossible  for  any  sparks  thrown  off  by  the  carbons  to  escape. 


M,  MiBtber>lM7aMie«f«aftrnal  diat  wffl  resist  the  actio©  of  fllmni 

■alinc  gjma,  aod  wa  MK  «bc  war  or  Mftai  imlcT  the  fceat  of  an  ortlmary  gas 
iaaKorle^aaderaaodaalepfaHire.  TT^y  shan  be  so  afraagtd  Uun 
deposit  ol  Boistare  win  not  destroy  flw  innlatnis  effect,  and  siiaU  hare  an 

iMoiadi«r  rc»M»oe  of  at  least  tt^«m  olnnbetweeo  tbe  gas^pipe  attadtma^ 
awi  be  sdioadystraDc  to  resist  the  stniB  diey  wiU  be  liable  to  besubjecied 
to  m  beiac  inslalcd. 

*.  iBsdbltoS  joiats  havinc  soft  nibber  ta  ibeir  ooostroctioo  wiU  not  be 
•ipprored. 
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asA  Ifsalixera  — 
{Fifr  iMs£aJlaJ»M  mlrt,  see  Xo.  4(.) 
m.  Most  be  cqmpped  widi  metal,  or  vith  other  noo-combustible  framo. 


alaw  to  the  BiAaifcC 


61,  ScactiTe  Coils  aod  Coodeosen  — 

9.  Reactive  coik  must  be  made  of  non-combastJb!c  material,  mounted  on 
noooombosdble  bases,  and  treated,  in  general,  like  sources  of  heat. 

b.  Condensers  must  be  treated  like  apparatus  operating  with  equi^-alenl 
voltage  and  currents.  They  must  have  non-combustible  cases  and  supports, 
and  must  be  isolated  from  all  combustible  materials,  and,  in  general,  treated 
like  sources  of  heat 


02.  TraosfonnerB  — 

{For  mstailation  ruUs,  set  Nos.  11,  IS,  an  J  S3.) 
a.  Must  not  be  placed   in   any   but  metallic  or  other  non-combustibJe 
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cases. 


A.  Must  be  constructed  to  comply  with  the  following  tests : 

1.  Shall  be  run  for  eight  consecutive  hours  at  full  load  in  watts  under 

conditions  of  service,  and  at  the  end  of  that  time  the  rise  in  tem- 
perature, as  measured  by  the  increase  of  resistance  of  the  primary 
coil,  shall  not  exceed  135  degrees  Fahrenheit 

2,  The  insulation  of  transformers  when  heated  shall  withstand  continu- 

ously for  five  minutes  a  ditference  of  potential  of  10,000  volts 
(alternating)  between  primary  and  secondary  coils  and  core,  and 
between  the  primary  coils  and  core  and  a  no-load  "run  *'  at  doubie 
voltage  for  thirty  minutes. 


0.t.   Lightning  Aneaters  — 

{For  instaliation  rules,  Ste  No.  5.) 

a.  Must  be  mounted  on  non-combuslible  bases,  and  must  be  so  construcl 
as  not  to  maintain  an  arc  after  the  discharge  has  passed,  and  must  have 
moving  parts. 


no 


APPENDIX   I. 


479 


Class  E. 
MISCELLANEOUS. 


64.  Signaling  Systems  (governing   wiring  for   telephone,   telegraph,  district 

•  messenger,  and  call-bell  circuits,  fire  and  burglar  alarms,  and  all  similar 

systems)  — 

a.  Outside  wires  should  be  run  in  underground  ducts  or  strung  on  poles 
and.  as  far  as  possible,  kept  off  of  buildings,  and  must  not  be  placed  on  the 
same  cross-arm  with  electric  light  or  power  wires, 

b.  When  outside  wires  are  run  on  same  pole  with  electric  light  or  power 
wires,  the  distance  between  the  two  inside  pins  of  each  cross-arm  must  not  be 

•  less  than  twenty-six  inches. 
c.  All  aerial  conductors  and  underground  conductors  which  are  directly 
connected  to  aerial  wires  must  be  provided  with  some  approved  protective  de- 
vice, which  shall  be  located  as  near  their  point  of  entrance  to  the  building  as 
possible,  and  not  less  than  six  inches  from  curtains  or  other  inflammable 
material. 

»d.   If  the  protector  is  placed  inside  of  building,  wires,  from  ouLside  sup- 
port to  binding-posts  of  protector,  shall  comply  with  the  following  require- 
ments: 
—^  1.   Must  be  of  copper,  and  not  smaller  than  No.  16  li.  &  S.  gauge. 

H  2.   Must  have  an  npprm'cd  rubber  insulating  covering  (see  No.  41). 

^1  3,   Must  have  drtp  loops  in  each  wire  immediately  outside  the  building. 


4.  Must  enter  buildings  through  separate  holes  sloping  upward  from  the 
outside  ;  when  practicable,  holes  to  be  bushed  with  non-absorptive, 
non-combustible  insulating  tubes  extending  throuf^h  their  entire 
length.  Where  tubing  is  not  practicable,  the  wires  shall  be  wrapped 
with  two  layers  of  insulating  tape. 

6.  Must  be  supported  on  porcelain  insulators,  so  that  they  wUl  not  come 
in  contact  with  anything  other  than  their  designed  supports. 

6.  A  separation  between  wires  of  at  least  two  and  one-half  inches  must 
be  maintained. 


to  caie  of  CTO»c»  ihese  wiret  may  become  a.  part  ot  x  high-voltage  circuit,  to  that  similar  cure  to 
that  given  hhgh-vi>ltaKC  circuital  is  needed  in  placing  them.  Keliabic  porcclatn  huabings  at  the  entrance 
hoIcA  are  desirable,  and  are  anly  waived  under  adverse  conditiuna,  (because  the  state  of  ttie  art  in  this 
type  of  wiring  makei  an  absnlute  requirement  inadviMbie. 


e.  The  ground  wire  of  the  protective  device  shall  be  run  in  accordance 
with  the  following  requirements : 

1.  Shall  be  of  copper,  and  not  smaller  than  No.  16  B.  &  S. 

2.  Must  have  an  apptoved  rubber  insulating  covering  (see  No.  41). 

3.  Shall  run  in  as  straight  a  line  as  possible  to  a  good  permanent 
ground,  to  be  made  by  connecting  to  water-  or  gas-pipe,  preferably 
water-pipe.  If  gas-pipe  is  used,  the  connection,  in  all  cases,  must 
be  made  between  the  meter  and  service  pipes.  In  the  absence  of 
other  good  ground,  the. ground  shall  be  made  by  means  of  a  metallic 
plate  or  bunch  of  wires  buried  in  permanently  moist  earth. 
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4.  Shall  be  kept  at  least  three  inches  from  all  other  conductors  aiidsap> 
ported  on  porcelain  insulators,  so  as  not  to  come  in  contact  «ilh 
anything  other  than  its  designed  supports. 

In  attachinfr  a  ground  «we  to  a  pi|>e,  il  is  often  diflBcnli  to  nuke  a  thoroaghly  refiable  wiUir  jgiit. 
It  i«  better.  thereti>re,  where  powaible.  lo  cxrcfolly  solder  the  wire  to  a  brass  plo^,  «rhtdi  nuy  Ik*  bi 
firmly  screwed  into  a  pipe  fiiting. 

Where  such  joints  are  made  under  grotiad,  ibey  shotdd  be  iboroufhlr  poioted  and  taped  to  pmtst 
corrtHiioa. 

/,  The  protector  to  be  approved  must  comply  with  the  following  require- 
ments: 

1.  MuKt  be  mounted  on  non-combustible,  non-absorptive  insulating 
bases,  so  designed  that  when  the  protector  is  in  place,  all  parts 
which  may  be  alive  will  be  thoroughly  insulated  from  the  wall  hold- 
ing the  protector. 

2.  Must  have  the  following  parts : 
A  lightning  arrester  which  will  operate  with  a  difference  of  potential 

between  wires  of  not  over  500  volts,  and  so  arranged  that  the 
chance  of  accidental  grounding  is  reduced  to  a  minimum. 

A  fuse  designed  to  open  the  circuit  in  case  the  wires  become  crossed 
with  light  or  power  circuits.  The  fuse  must  be  able  to  open  the 
circuit  without  arcing  or  serious  flashing  when  crossed  with  any 
ordinary  commercial  light  or  power  circuit. 

A  heat  coil  which  will  operate  before  a  sneak  current  can  damage 
the  instrument  the  protector  is  guarding. 

The  heat  coil  h  designed  to  warm  up  and  melt  out  with  a  current  Urge  enough  to  enduftf 
the  instrunicnts  if  continued  tor  a  long  time,  but  so  small  that  it  would  not  blow  the  Um» 
ordinarily  found  neceaaary  for  sueb  instruments.  These  smaller  eurrenls  arc  oftea  eallel 
"  sneak"  currents. 

8.  The  fuses  must  be  so  placed  as  to  protect  the  arrester  and  heat  coils, 
and  the  protector  terminals  must  be  plainly  marked  "line,"  •*  in- 
strument," "ground." 

g.  Wires  beyond  the  protector,  except  where  bunched,  must  be  neatly 
arranged  and  securely  fastened  in  place  in  any  convenient,  workmanlike  man- 
ner. They  must  not  come  nearer  than  six  inches  lo  any  electric  light  or  power 
wire  in  the  building,  unless  incased  in  approved  tubing  so  secured  as  to  pre- 
vent its  slipping  out  of  place. 

The  w-ircs  would  ordinarily  he  inftulated,  but  the  kind  of  insulation  is  not  specified ,  as  the  pro- 
tcdor  is  rcticci  upon  to  stop  all  dangerous  currents,  l^orcelaui  lubinj^  or  circular  loom  conduit  may  kc 
used  lor  incasing  mres  where  required  as  at>ove. 

//.  Wires  connected  with  outside  circuits,  where  bunched  together  wUhiQ 
any  building,  or  inside  wires,  where  laid  in  conduits  or  ducts,  with  electric  ligfhf 
or  power  wires,  must  have  fire-resisting  coverings,  or  else  must  be  inclosed  in 
an  air-tight  tube  or  duct. 

It  it  feared  that  it  a  burnable  Insulation  were  used,  a  chance  spaik  might  ignite  it  and  cause  a 
serious  fire,  for  mjiny  inst-ilbtions  conUln  a  large  amount  of  very  readily  burnable  matter. 

65.  Electric  Gas  Lighting— 

Where  electric  gas  lighting  is  to  be  used  on  the  same  fixture  with  the 
electric  light : 
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a.  No  part  of  the  gas-piping  or  fixture  shall  be  in  electric  connection  with 
the  gas-lighting  circuit. 

b.  The  wires  used  with  the  fixtures  must  have  a  non-infiammable  insula- 
tion, or,  where  concealed  between  the  pipe  and  shell  of  the  fixture,  the  insula- 
tion must  be  such  as  required  for  fixture  wiring  for  the  electric  light. 

c.  The  whole  installation  must  test  free  from  "grounds." 

d.  The  two  installations  must  test  perfectly  free  from  connection  with 
each  other. 

Q6.   Insulation  Resistance  — 

The  wiring  in  any  building  niust  test  free  from  grounds;  i.e.,  the  com- 
plete installation  must  have  an  insulation  between  conductors  and  between 
all  conductors  and  the  ground  (not  including  attachments,  sockets,  recep- 
ticles,  etc.)  of  not  less  than  the  following: 

Up  to  5  amperes 4,000,000  ohms. 

"  10  "  2.000,000  " 

"  26  "  800,000  " 

••  BO  "  400,000  '.* 

"  100  "  200,000  " 

••  200  "  100,000  " 

"  400  "  25,000  " 

800  "  26,000  " 

«  igoQ  «  12^  .. 

All  cutouts  and  safety  devices  in  place  in  the  above. 
Where  lamp  sockets,  receptacles,  and  electroliers,  etc.,  are  connected,  one- 
half  of  the  above  will  be  required. 

67.  Soldering  Fluid  — 

a.  The  following  formula  for  soldering  fiuid  is  suggested : 

Saturated  solution  of  zinc  chloride 6  parts 

Alcohol 4  parts 

Glycerine 1  part 


Class  F. 
MARINE  WORK. 

08.  Generators  — 

a.  Must  be  located  in  a  dry  place. 

b.  Must  have  their  frames  insulated  from  their  bed-plates. 

c.  Must  each  be  provided  with  a  waterproof  cover. 

d.  Must  each  be  provided  with  a  name-plate,  giving  the  maker's  name,  the 
capacity  in  voltage  and  amperes  and  normal  speed  in  revolutions  per  minute. 

69.  Wires  — 

a.  Must  have  an  approved  insulating  covering. 


liable  to  meet  with  in  practice,  and  must  be  plainly  marked,  where  the;  trill 
always  be  visible,  with  the  name  of  the  maker  and  Ibe  current  and  voltage  ior 
which  the  switch  is  designed. 

c.  Must  be  dottble  pole  when  circuits  which  they  control  supply  more thaa 
six  six  teen-candle-power  lamps  or  their  equivalenL 

d.  When  exposed  to  dampoess,  ^y  must  be  inclosed  in  a  water-Ugfai 
case. 

76.  Ctttooti  — 

a.  Must  have  non<ombustible,  nonabsorptive  insulating  bases. 

b.  Must  operate  successfully,  under  the  most  severe  conditions  thcyuf 
liable  to  meet  with  In  practice,  on  short  circuit  with  fuse  rated  at  nfty  per  cent 
above,  and  wiilj  a  voltage  twenty -five  per  cent  above  the  current  and  x-oUagc 
they  are  designed  for,  and  must  be  plainly  marked,  where  they  will  alvrars  k 
visible,  with  the  name  of  the  maker  and  current  and  voltage  for  which  iht 
device  is  designed. 

c.  Must  be  placed  at  every  point  where  a  change  is  made  in  the  ^sc  of 
the  wire  (unless  the  cutout  in  the  larger  wire  will  protect  the  smaller). 

d.  In  places  such  as  upper  decks,  holds,  cargo  spaces,  and  fire-rootns  i 
water-tight  and  fireproof  cutout  may  be  used,  connecting  directly  to  mains, 
when  such  cutout  supplies  circuits  requiring  not  more  than  «<*0  watts  cner{y,| 

£.  When  placed  anywhere  except  on  switchboards  and  certain  places,: 
cargo  spaces,  holds,  fire-rooms,  etc..  where  it  is  impossible  to  run  from  ctnier| 
of  distribution,  they  shall  be  in  a  cabinet  lined  with  fire-resisting  material. 

f.  Except  for  motors,  searchlights,  and  diving-lamps  shall  be  so  placcdi 
that  no  group  of  lamps,  requiring  a  current  of  more  than  six  amperes,  shall^ 
ultimately  be  dependent  upon  one  cutout. 

K  )ilngle'p<»le  covered  culout  maybe  placed  Ln  the  molding  v^hen  same  contaiot  condiKlif  < 
plying  circuits  requirinft  not  more  than  220  watts  energy, 

77.  Fixtures  — 

a.  Shall  be  mounted  on  blocks  made  from  well-seasoned  lumber 
with  two  coals  of  white  lead  or  shellac. 

b.  Where  exposed  to  dampness,  the  lamp  must  be  surrounded  by  a  vapof-j 
proof  globe. 

c.  Where  exposed  to  mechanical  injury,  the  lamp  must  be  surrounded  l»J 
a  globe  protected  by  a  stout  wire  guard. 

d.  Shall  be  wired  with  same  grade  of  insulation  as  portable  conductor 
which  are  not  exposed  to  moisture  or  mechanical  injury. 

78.  Socketa  — 
a.   No  portion  of  the  lamp  socket  or  lamp  base  exposed  to  contact  witi 

outside  objects  shall  be  allowed  to  come  into  electrical  contact  with  either 
the  conductors. 

70.    Wooden  HDldings  — 

a.  Must  be  made  of  welt-seasoned  lumber,  and  be  treated  inside  and 
with  at  least  two  coats  of  white  lead  or  shellac. 

b.  Musi  be  made  of  two  pieces,  a  backing  and  a  capping,  so  const] 
V  to  thoroughly  inca.se  the  wire,  and  provide  a  one-half  inch  tongue  bet* 

conductors,  .ind  a  solid  backing  which,  under  grooves,  shall  not  be  le 
I  three-eighths  of  an  inch  in  thickness. 
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c.  Where  moldini^  is  run  over  rivets,  beauns.,  etc^  a  backing  strip  must 
first  be  put  up  and  the  molding  secured  to  this. 

d.  Capping  must  be  secured  by  bra&s  screws. 

80.    Motors  — 

a.  M  ust  be  wired  under  the  same  precautions  as  with  a  current  of  same 
volume  and  potential  for  lighting.  The  motor  and  resistance  box  must  be 
protected  by  a  double-pole  cutout,  and  controlled  by  a  double-pole  switch, 
except  in  cases  where  one-quarter  horse-power  or  less  is  used. 

The  leads  or  branch  dmnls  ■bo«M  br  ikripwd  to  carry  a  cumml  at  )ea«i  hixj  per  cent  sreaKr  than 
that  required  by  the  rated  capadly  U  the  motor  to  prvride  (cir  the  loeritable  ovnlaading  o(  the  motor 
ai  timet. 

b.  Must  be  thoroughly  insulated.  Where  possible,  should  be  set  on  base 
frames  made  from  filled,  hard,  dry  wood,  and  raised  above  surrounding  deck. 
On  hoists  and  winches  they  shall  b«  insulated  from  bedplates  by  hard  rubber, 
fiber,  or  similar  insulating  material. 

c.  Shall  be  covered  wiih  a  waterproof  cover  when  not  in  use. 

d.  Must  each  be  provided  with  a  name-plate  giving  maker's  name,  the 
capacity  in  volts  and  amperes,  and  the  normal  speed  in  revolulions  per  minute. 


GENERAL  SUGGESTIONS. 

In  alt  electric  work  conductors,  however  well  insulated,  should  always  be 
treated  ns  bare,  to  the  end  ihat  under  no  conditions,  existing  or  likely  to  exist, 
can  a  grounding  or  short  circuit  occur,  and  so  ihait  all  leakage  from  conductor 
to  conductor,  or  between  conductor  and  ground,  may  be  reduced  to  the 
minimum. 

In  all  wiring  special  attention  must  be  paid  to  the  mechanical  execution  of 
the  work.  Careful  and  neat  running,  connecting,  soldering,  taping  of  conduc- 
tors and  securing  and  attaching  of  fittings,  are  specially  conducive  to  security 
and  efficiency,  and  will  be  strongly  insisted  on. 

In  laying  out  an  installation,  except  for  constant-current  systems,  the  work 
should,  if  possible,  be  started  from  a  center  of  distribution,  and  the  switches 
and  cutouts,  controlling  and  connected  with  the  several  branches,  be  grouped 
together  in  a  safe  and  easily  accessible  place,  where  (hey  can  be  readily  got  at 
for  atlenlfon  or  repairs.  The  load  should  be  divided  as  evenly  as  possible 
among  the  branches,  and  all  complicated  and  unnecessary  wiring  avoided. 

The  use  of  wire-ways  for  rendering  concealed  wiring  permanently  access- 
ible is  most  heartily  indorsed  and  recommended  ;  and  this  method  of  accessible 
concealed  construction  is  advised  for  general  use. 

Architects  are  urged,  when  drawing  plans  and  specifications,  to  make  pro- 
vision for  the  channeling  and  pocketing  of  buildings  for  electric  light  or 
power  wires,  and  in  specifications  for  electric  gas  lighting  to  require  a  two-wire 
circuit,  whether  the  building  is  to  be  wired  for  electric  lighting  or  not,  so  thai 
no  part  of  the  gas  fixtures  or  gas-piping  be  allowed  to  be  used  for  the  gas- 
lighting  circuit. 
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REPORT  OF  THE  COMMITTEE   ON 
STANDARDIZATION. 

[Accepted  by  the  Institute,  June  26, 1899.] 

To  the  Council  of  The  American  Institute  of  Electrical  Engineers. 

Gentlemen : 
Your  committee  on  Standardization  begs  to  submit  the  following  report, 
covering  such  subjects  as  have  been  deemed  of  pressing  and  immediate  impcff- 
tance,  and  which  are  of  such  a  nature  that  general  agreement  may  be  expected 
upon  them. 

While  it  is  the  opinion  of  the  committee  that  many  other  matters  might 
advantageously  have  been  considered,  as,  for  example,  standard  methods  of 
testing :  yet  it  has  been  deemed  inexpedient  to  attempt  to  cover  in  a  single 
report  more  than  is  here  submitted. 

Yours  respectfully, 

FRANCIS  B.  CROCKER.  ChmirmaM. 
CARY  T.  HUTCHINSON. 
A.  E.  KENNELLY. 
JOHN   W.  LIEB.  Jr. 
CHARLES   P.  STEINMET2. 
LEWIS   B.  STILLWELL. 
BLIHU  THOMSON. 
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Electrical  Apparatus  will  be  treated  under  the  following  heads :  — 

I.  Commutating  ttachines,  which  comprise  a  constant  magnetic  field,  a 
dosed'coil  armature,  and  a  muUi-segniental  commulator  connected  thereto. 

Under  Uiis  head  may  be  classed  the  following:  Direct-current  generators; 
direct-current  motors;  direct-current  boosters;  motor-generators ;  dynamotors ; 
converters  and  ctosed-coil  arc  machines. 

A  booster  is  a  machine  inserted  in  series  in  a  circuit  to  change  its  voltage, 
and  may  be  driven  either  by  an  electric  motor,  or  otherwise.  In  the  former 
case  it  is  a  motor-booster. 

A  motor-generator  is  a  transforming  device  consisting  of  two  machines ; 
a  motor  and  a  generator,  mechanically  connected  together, 

A  dynamotor  is  a  transforming  device  combining  both  motor  and  gene- 
rator action  in  one  magnetic  field >  with  two  armatures  or  with  an  armature 
having  two  separate  windings. 

\  For  converters,  see  HI-  * 

II.  Synchronous  Machines,  which  comprise  a  constant  magnetic  field,  and 
an  armature  receiving  or  delivering  alternating  currents  in  synchronism  with 
the  motion  of  tlie  machine;  /.  t.,  having  a  frequency  equal  to  the  product  of 
the  number  of  pairs  of  poles  and  the  speed  of  the  machine  In  revotutions  per 
second. 

in.  Synchrftnous  Commutating  Machines: —These  include:  I,  Synchron- 
ous converters :  i.e.,  converters  from  alternating  to  direct,  or  from  direct  to 
alternating  current,  and  H.  Double-current  generators;  i.e.,  generators  pro- 
ducing both  direct  and  and  alternating  currents. 

A  converter  is  a  rotary  device  transforming  electric  energy  from  one  form 
into  another  without  passing  it  through  the  intermediary  form  of  mechanical 
energy. 

A  converter  may  be  either : 

a,  A  direct-current  converter,  converting  from  a  direct  current  to  a  direct 
current  or 

fr.  A  synchronous  converter,  formerly  called  a  rotary  convertetj  convert- 
ing from  an  alternating  to  a  direct  current,  or  vice  versa. 

Phase  converters  are  converters  from  an  alternating-current  system  lo  an 
alternating  current  system  of  the  same  frequency  but  different  phase. 

Frequency  converters  arc  converters  from  an  alternating-current  system  of 
one  frequency  to  an  alternating -current  system  of  another  frequency,  with  or 
without  changes  of  phase. 

IV.  Rectifying  Machines,  or  Fulaating^unrent-Generatora^  which  produce  a 
unidirectional  current  of  periodically  varying  strength. 

V.  Stationary  Induction  Apparatus:  i.e.,  stationary  apparatus  changing 
electric  energy  from  one  form  into  another,  without  passing  it  through  an 
intermediary  form  of  energy.     These  comprise: 

n.  Transformers,  or  stationary  induction  apparatus  in  which  the  primary 
and  secondary  windings  arc  electrically  insulated  from  each  other, 

d.  Auto-transformers,  formerly  called  compensators:  i.e.,  stationary  induc- 
tion apparatus  in  which  part  of  the  primary  winding  is  used  as  a  secondary 
winding,  or  conversely. 

c.   Potential  regulators,  or  stationary  induction  apparatus  having  a  coil 


4ft8 


ELECTRIC  LIGHTING, 


in  shunt,  and  a  coil  in  series  with  the  circuit,  so  arranged  that  the  ratio  of 
tTansformalioii  between  them  is  variable  at  will. 
These  may  be  divided  into:  — 

1.  Compensator  potenltal-regulators,  in  which  the  number  of  turns  of 
one  of  the  coils  is  changed. 

2.  Induction  po ten tial-regula tors,  in  which  the  relative  positions  of  pri- 
mary and  secondary  coils  is  changed. 

;l.  Magneto  potential-regulators,  in  which  the  direction  of  the  magnetic 
flux  with  respect  to  the  coils  is  changed. 

d.  Reactive  coils,  or  reactance  coils,  formerly  called  choking  coils:  i.e^ 
stationary  induction  apparatus  used  to  produce  impedance  or  phase  dis- 
placement. 

VI.  Rotary  Induction  Apparatus,  which  consists  of  primary  and  seccodai; 
windings  roialing  with  respect  to  each  other.    They  comprise:  — 

it.    Induction  motors. 

b.  Induction  generators. 

c.  Frequency  changers. 

d.  Rotary  phase  converters. 

EFFICIENCY. 

1.  The  *' efficiency  '*  of  an  apparatus  is  the  ratio  of  Its  net  power  output 
to  its  gross  power  input.* 

2.  Electric  power  should  be  measured  at  the  terminals  of  the  apparatus.      i 
;i.    In  determining  the  efficiency  of  alternating-current  apparatus,  the  elec-^ 

trie  power  should  be  measured  when  the  current  is  in  phase  with    the  EMS^^^ 
unkss  otherwise  specified,  except  when  a  definite  phase  difference  is  inhercot 
in  the  apparatus,  as  in  induction  motors,  etc. 

4.  Mechanical  power  in  machines  should  be  measured  at  the  pulley, 
gearing,  coupling,  etc.,  thus  excluding  the  loss  of  power  in  said  pulley,  gear* 
ing,  or  coupling,  but  including  the  bearing  friction  and  windage.  The  magni- 
tude of  bearing  friction  and  wimlage  may  be  considered  as  independent  of 
the  load.  The  loss  of  power  in  the  belt  and  the  increase  of  bearing  friction 
due  to  belt  tension,  should  be  excluded.  Where,  however,  a  machine  is 
mounted  upon  the  shaft  of  a  prime  mover,  in  such  a  manner  Ihal  it  cannot 
be  separated  therefrom,  the  friclional  losses  in  bearings  and  in  windage,  which 
ought,  by  definiiion,  to  be  included  in  determining  the  efficiency,  should  be 
excluded,  owing  to  the  practical  impossibility  of  determining  them  satisfac- 
torily.    The  brush  friction,  however,  should  be  included. 

a.   Where  a   machine   has   auxiliary  apparatus,  such  as  an   exciter,  the 
power  lost  in  the  auxiliary  apparatus  should  not  be  charged   to  the  machin^^^ 
but  to  the  plant  consisting  of  machine  and  auxiliary  apparatus  taken  togethcrH 
The  plant  efficiency  in  such  cases  should  be  distinguished  from  the  machine 
efliiciencv. 

5.  The  efficiency  may  be  determined  by  measuring  all  the  losses  individ- 
ually and  adding  their  sum  to  tlie  output  to  derive  the  input,  or  subtract- 
ing  their  sum  from  the  input  to  derive  the  output.  All  losses  should  be 
measured  at.  or  reduced  to,  the  temperature  assumed  in  continuous  operation, 
or  in  operation  under  conditions  specified.     (See  Sections  26  to  31.) 

•  An  ctcepHon  slinuld  be  noted  in  ttw  «u»e  a(  dtomirc  haUeries  or  appantns  foT  storing  coerxK 
in  which  the  efficiency,  utiles*  otherwise  qualified,  thould  be  undentood  u  th*  ratio  of  the 
output  to  the  energy  intake  \n  avioranl  cyde. 


In  order  to  consraer  the  application  of  the  foregoing  rules  to  various 
machines  in  general  use,  the  latter  may  be  conveniently  divided  into  classes 
as  follows :  — 

KI.   CommuUtmg  Machines.— 

K         6.    In  commulating  machines  the  losses  are:^ 

^B         a.   Bearing  friction  and  windage.     (See  Section  A.) 

^"  b.   Molecular  magnetic  friction,  and  eddy  currents  in  iron   and  copper. 

These  losses  should  be  determined  with  the  machine  on  open  circuity  and  at  a 
voltage  equal  to  the  rated  voltage  +/r  in  a  generator,  and  —  J r  in  a  motor, 
■where  /  denotes  the  current  strength,  and  r  denotes  the  internal  resistance 
of  the  machine.  They  should  be  measured  at  the  correct  speed  and  voltage, 
since  they  do  not  usually  vary  in  proportion  to  the  speed  or  to  any  dehnite 
power  of  the  voltage. 

c.  Armature  resistance  lo!^ses,  /-  r',  where  /  is  the  current  strength  in  the 
armature,  and  r'  is  the  resistance  between  armature  brushes,  excluding  the 
resistance  of  brushes  and  brush  contacts. 

d.  Commutator  brush  friction. 

»e.  Commutator  brush-contact  resistance.  It  Is  desirable  to  point  out  that 
with  carbon  brushes  the  losses  {J)  and  (/)  are  usually  considerable  in  low- 
voltage  machines. 

/".  Field  excitation.  With  separately  excited  fields,  the  loss  of  pov.'er  En 
the  resistance  of  the  field  coils  alone  should  be  considered.  With  shunt  fields 
or  series  fields,  however,  the  loss  of  power  in  the  accompanying  rheostat 
should  also  be  included,  the  said  rheostat  being  considered  as  an  essential  part 

I  of  the  machine,  and  not  as  separate  auxiliary  apparatus. 
(b)  and  (f)  are  losses  in  the  armattire  or  "armature  losses;"  (</)  and  {r) 
•*commutator  losses;"  {/)  "field  losses.*' 
7.  The  difference  between  the  total  losses  under  load  and  the  sum  of  the 
losses  above  specified,  should  be  considered  as  '*Soad  losses"  and  are  usu- 
ally trivial  in  commutating  machines  of  small  field  distortion.  When  the 
field  distortion  is  large,  as  is  shown  by  the  necessity  for  shifting  the  brushes 
between  no  load  and  full  load,  or  with  variations  of  load,  these  load  losses  may 
be  considerable,  and  should  be  taken  into  account.     In  this  case  the  efficiency 

I  may  be  determined  either  by   input  and  output  measurements,  or  the  load 
losses  may  be  estimated  by  the  method  of  Section  II. 
8.   Boosters  should  be   considered  and  treated   like   other  direct-current 
machines  in  regard  to  losses. 

0.    In   motor-generators,  dynamotors,  or  converters,  the  efficiency  is  the 
electric  output 
electric  input. 


I 


11.   Synclironous  Machines.— 

10,  In  synchronous  machines  the  output  or  input  should  be  measured 
with  the  current  in  phase  with  the  terminal  E.Af.F.,  except  when  otherwise 
expressly  specified. 

Owing  to  the  uncertainty  necessarily  involved  in  the  approximation  of 
load  losses,  it  is  preferable,  whenever  possible,  to  determine  the  elTiciency  of 
synchronous  machines,  by  input  and  output  tests. 

11.  The  losses  in  synchronous  machines  are  : 
a.  Bearing  friction  and  windage,    {See  Section  4.) 


490 


ELECTRIC  LIGHTING, 


J 


i 


b.  Molecular  magnetic  friction  and   eddy  currents  in  iron^  copper, 
other  metallic  parts.    These  losses  should  be  determined  at  open  circuit 
the  machine   at  the  rated  speed   and  at  the  rated  voltage,  +  /  r  in  a  s^^^ 
chronous  generator,  — /r  in  a  synchronous  motor,  where /=  current  in  anr^ 
turc,  /■=  armature  resistance.     It  is  undesirable  to  compute  these  losses  fr-^g, 
observations  made  at  other  speeds  or  voltages. 

These  losses  may  be  determined  either  by  driving  the  machine  by  a  mo 
or  by  running  it  as  a  synchronous  motor,  and  adjusting  its  fields  so  a.s 
get    minimum  current  input  and  measuring   tlie  input  by  wattmeter.       7^^ 
former  is  the  preferable  method,  and  in  polyphase  machines  the  latter  method 
is  liable  to  give  erroneous  results  in  consequence  of  unequal  distribution  ai 
currents  in  the  different  circuits  caused  by  inequalities  of  the  impedance  of  . 
connecting  leads,  etc.  I 

c.  Armature-resistance  loss,  which  may  be  expressed  hy  p /^r\  where 
r=  resistance  of  one  armature  circuit  or  branch,  /=the  current  in  such 
armature  circuit  or  branch,  and  _/>  =  the  number  of  armature  circuits  or 
branches. 

d.  Load  losses  as  defined  in  Section  7,  While  these  losses  cannot  vtW 
be  determined  individually,  they  may  be  considerable  and,  therefore,  tlicir 
joint  influence  should  be  determined  by  observation.  This  can  be  done  by  | 
operating  the  machine  on  short  circuit  and  at  fulMoad  current,  that  is,  by  dc* 
termining  what  may  be  called  the  "short-circuit  core  loss.'*  With  the  low 
field  intensity  and  great  lag  of  current  existing  in  this  case,  the  load  losses  arc 
usually  greatly  exaggerated. 

One-third  of  the  short-circuit  core  loss  may,  as  an  approxitnatlon,  and  In 
the  absence  of  more  accurate  information,  be  assumed  as  the  load  loss. 

^.  Collector-ring  friction  and  contact  resistance.  These  are  generally 
negligible,  except  in  machines  of  extremely  low  voltage. 

f.   Field  excitation.    In  separately-excited  machines,  the /*  r  of  the  field 
coils  proper  should  be  used.     In  self-exciting  machines,  however,  the  lossia^ 
the  (leld  rheostat  should  be  included.     (See  Section  6/.)  ^| 

III.   Syochroijous  Commutating  Machines.— 

12.  In  synchronous  converters,  the  power  of  the  alternating-current  side 
is  to  be  measured  with  the  current  in  phase  with  the  terminal  E.M.F'^  unless 
otherwise  specified, 

Kl  In  double-current  generators,  the  efficiency  of  the  machine  should  be 
determined  as  a  direct-current  generator  in  accordance  with  Section  C,  and 
as  an  alternating-current  generator  in  accordance  with  Section  11.  The  two 
values  of  efficiency  may  be  different,  and  should  be  clearly  distinguished. 

14.  In  synchronous  converters  the  losses  should  be  determined  wbfl 
driving  the  machine  by  a  motor.    These  losses  arc :  — 

a.   Bearing  friction  and  windage,    (See  Section  4.) 

u.  Molecular  magnetic  friction  and  eddy  currents  in  iron,  copper,  and 
metallic  parts.  These  losses  should  be  determined  at  open  circuit  and  at  the 
rated  terminal  voltage,  no  allowance  being  made  for  the  armature  resistance, 
since  the  alternating  and  the  direct  currents  flow  in  opposite  directions. 

c.  Armature  resistance.     The  loss  in  the  armature  is  q  I^  r^  where  /* 
direct  current  in  armature,  r  =  armature  resistance,  and  q  a  factor  which 
equal  to  1.37  in  single-phasers,  0,60  in  thrce-phascrs,  0.37  in  quarter-ph 
and  0.26  in  six-pbasers. 
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d.  Load  losses.  The  load  losses  should  be  determined  in  the  same 
manner  as  described  in  Section  11  </.,  with  reference  to  the  direct-current  side. 

e  and  /.  Losses  in  commutator  and  collector  friction  and  brush-contact 
resistance.     (See  Sections  0  and  II.) 

g.  Field  excitation.  In  separately-excited  fields,  the /^r  loss  in  the  field 
coils  proper  should  be  taken,  while  in  shunt  and  series  fields  the  rheostat 
loss  should  be  included,  except  where  fields  and  rheostats  are  intentionally 
modified  to  produce  effects  outside  of  the  conversion  of  electric  power,  as  /or 
producing  phase  displacement  for  voltage  control.  In  this  case  25  per  cent 
of  the /*r  loss  in  the  field  proper  at  non-inductive  alternating  circuit  should 
be  added  as  proper  estimated  allowance  for  normal  rheostat  losses.  (See 
Section  6/.) 

15.  Where  two  similar  synchronous  machines  are  available,  their  efficiency 
can  be  determined  by  operating  one  machine  as  a  converter  from  direct  to 
alternating,  and  the  other  as  a  converter  from  alternating  to  direct,  connecting 
the  alternating  sides  together,  and  measuring  the  difference  between  the  direct- 
current  input  and  the  direct-current  output.  This  process  may  be  modified  by 
returning  the  output  of  the  second  machine  through  two  boosters  into  the  first 
machine  and  measuring  the  losses.  Another  modification  might  be  to  supply 
the  losses  by  an  alternator  between  the  two  machines,  using  potential  regu- 
lators. 

IV.  Rectifying  Machines  or  Pulaating-Current  Generators.  — 

16.  These  include:  Open-coil  arc  machines,  constant-current  rectifiers, 
constant-potential  rectifiers. 

The  losses  in  open-coil  arc  machines  are  essentially  the  same  as  in  Sec- 
tions 6  to  9  (closed-coil  commutating  machines.)  In  alternating-current  recti- 
fiers, however,  the  output  must  be  measured  by  wattmeter  and  not  by  volt- 
meter and  ammeter,  since,  owing  to  the  pulsation  of  current  and  E.M.F.^  a 
considerable  discrepancy  may  exist  between  watts  and  volt  amperes,  amount- 
ing to  as  much  as  HI  or  15  per  cent. 

17.  In  constant-current  rectifiers,  transforming  from  constant-potential 
alternating  to  constant  direct  current  by  means  of  constant-current  trans- 
formers and  rectifying  commutators,  the  losses  in  the  transformers  are  to  be 
included  in  the  efficiency,  and  have  to  be  measured  when  operating  the  recti- 
fier, since  in  this  case  the  losses  are  generally  greater  than  when  feeding  an 
alternating  secondary  circuit.  In  constant-current  transformers  the  load 
losses  are  usually  larger  than  in  constant-potential  transformers,  and  thus 
should  not  be  neglected. 

The  most  satisfactory  method  of  determining  the  efficiency  in  rectifiers 
is  to  measure  electric  input  and  electric  output  by  wattmeter.  The  input  is 
usually  not  non-inductive,  owing  to  a  considerable  phase  displacement  and  to 
wave  distortion.  For  this  reason  the  apparent  efficiency  should  also  be  con- 
sidered, since  it  is  usually  much  lower  than  the  true  efficiency.  The  power 
consumed  by  the  synchronous  motor  or  other  source  driving  the  rectifier 
should  be  included  in  the  electric  input. 

V.  Stationary  Induction  Apparatus,  - 

18.  Since  the  efficiency  of  induction  apparatus  depends  upon  the  wave 
shape  of  E.M.F.,  it  should  be  referred    to   a   sine   wave  of  E.M.F.^  except 
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expressly  specified  otherwise.  The  efficiency  should  be  measured  with  oon- 
inductive  load,  and  al  rated  frequency,  except  where  expressly  specified  other- 
wise,   The  losses  are  i 

a.  Molecular  magnetic  friction  and  eddy  currents  measured  at  open  or- 
cuit  and  at  rated  voltage  —  /r,  where  /  =  rated  current,  r  =  resistance  of 
primary  circuit. 

b.  Resistance  losses,  the  sum  of  the  /*r  of  primary  and  of  secondary  in 
a  transformer,  or  of  the  two  sections  of  the  coil  in  tlie  compensator  or  aulo- 
transformer,  where  /=  current  in  the  coil  or  section  of  coil,  r=:  resistance. 

€.  Load  losses,  i.e.,  eddy  currents  in  the  iron  and  especially  in  the  copper 
conductors,  caused  by  the  current.  They  should  be  measured  by  short-cir- 
cuiting the  secondary  of  the  transformer  and  impressing  upon  the  primary  an 
/^.J/./'.,  auflicient  to  send  full-load  current  through  tlic  transformer.  Tbclo&s 
in  the  transformer  under  these  conditions  measured  b\-  wattmeter  gives  the 
load  losses  -\- 1'^  r  losses  in  both  primary  and  secondary  coils. 

ii.  Losses  due  to  the  methods  of  cooling,  as  power  consumed  by  the 
blower  in  air-blast  transformers,  and  power  consumed  by  the  motor  driving 
pumps  in  oil  or  water  cooled  transformers.  Where  the  same  cooling  appara 
tus  supplies  a  number  of  transformers,  or  is  installed  to  supply  future  addi- 
tions, allowance  should  be  made  therefor. 

19.  In  potential  refjulators  the  eflSciency  should  be  taken  at  the  maximum 
voltage  for  which  the  apparatus  is  designed,  and  with  non-inductive  load, 
unless  otherwise  specified. 

VI.  Rotary  Induction  Apparatus,  — 

20.  (hvinj;  to  the  existence  of  load  losses  and  since  the  map^ictic  density 
in  the  induction  motor  under  load  changes  in  a  complex  manner,  the  efficiency 
should  be  determined  by  measuring:  the  electric  input  by  wattmeter  and  the 
mechanical  output  at  the  pulley,  gear,  coupling,  etc. 

21.  The  efficiency  should  be  determined  at  the  rated  frequency  and  the 
input  measured  with  sine  waves  of  impressed  E.M.F. 

22.  The  efficiency  may  be  calculated  from  the  apparent  input,  the  powcr^ 
factor,  and  ^'le  power  output.  The  same  applies  to  induction  generators^| 
Since  phns  <  displacement  is  inherent  in  induction  machines,  their  apparent™ 
efficiency  is  also  important. 

2.1.   In  frequency  changers;  i.e.,  apparatus  transforming  from  a  polyphase 
svsi    n  to  an   alternating  system  of  different  frequency,  with   or  without  a_ 
change  in  the  number  of  phases,  and  phase  converters;  i.e..  apparatus  conver 
ing  from  an  alternating  system,  usually  single  phase,  to  another  alternating  sy 
tern,  usually  polyphase,  of  the  same  frequency,  the  efficiency  should   also 
determined  by  measuring  both  output  and  input. 

VH.   Traosmisflion  Lines.  — 

24.  The  efficiency  of  transmission  lines  should  be  measured  with  non-* 
inductive  load  at  the  receiving  end.  with  the  rated  receiving  pressure  and  fre- 
quency, also  with  sinusoidal  impressed  E.Af.F.'s.,  except  where  expressly 
specified  otherwise,  and  with  the  exclusion  of  transformers  or  other  apparatus 
at  the  ends  of  the  line. 


Ji 


APPENDIX   If. 


493 


I 


r 


RISE   OF  TEMPERATURE. 
General  Principles.  — 

25.  Under  regular  service  conditions,  the  temperature  of  electrical 
machinery  should  never  be  allowed  to  remain  at  a  point  at  which  permanent 
deterioration  of  its  insulating  material  takes  place. 

20.  The  rise  of  temperature  should  be  referred  to  the  standard  conditions 
of  a  room-tempcralure  of  'Ih'*  C,  a  barometric  pressure  of  "Ou  mm.  and  normal 
conditions  of  ventilation  ;  that  is,  the  apparatus  under  test  should  neither  be 
exposed  to  draught  nor  inclosed,  except  where  expressly  specified. 

27.  If  the  room  temperature  during  the  test  differs  from  26°  C,  the  ob- 
served rise  of  lemperature  should  be  corrected  by  4  per  cent  for  each  deforce 
C*  Thus  with  a  room  temperature  of  35°  C,  the  observed  rise  of  temperature 
has  to  be  decreased  by  o  per  cent,  and  with  a  room  temperature  of  15°  C,  the 
observed  rise  of  temperature  has  to  be  increased  by  r>  per  cent.  The  ther- 
mometer indicating  the  room  temperature  should  be  screened  from  thermal 
radiation  emitted  by  healed  bodies,  or  from  draughts  of  air.  When  it  is  im- 
practicable to  secure  normal  conditions  of  ventilation  on  account  of  an  adja- 
cent engine,  or  other  sources  of  heat,  the  thermometer  for  measuring  the  air 
temperature  should  be  placed  so  as  fairly  to  indicate  the  lemperature  which 
the  machine  would  have  if  it  were  idle,  in  order  that  the  rise  of  temperature 
determined  shall  be  that  caused  by  the  operation  of  the  machine. 

28.  The  temperature  should  be  measured  after  a  run  of  sufhcient  duration 
to  reach  practical  constancy.  This  is  usually  from  0  to  18  hours,  according  to 
the  size  and  construction  of  the  apparatus.  It  is  permissible,  however,  to 
shorten  the  time  of  the  test  by  running  a  lesser  time  on  an  overload  in  current 
and  voltage,  then  reducing  the  load  to  normal,  and  maintaining  it  thus  until 
the  temperature  has  become  constant. 

In  apparatus  intended  for  intermittent  service,  as  railway  motors,  starting 
rheostats,  etc.,  the  rise  of  temperature  should  be  measured  after  a  shorter  time, 
depending  upon  the  nature  of  the  service,  and  should  be  specified. 

In  apparatus  which  by  the  nature  of  their  service  may  be  exposed  to  over- 
load, as  raHway  converters,  and  in  very  high  voltage  circuits,  a  smaller  rise  of 
temperature  should  be  specified  ihan  in  apparatus  not  liable  to  overloads  or  in 
low  voltage  apparatiis.  In  apparatus  built  for  conditions  of  limited  space,  as 
railway  motors,  a  higher  rise  of  lemperature  must  be  allowed. 

29.  In  electrical  conductors,  the  rise  of  lemperature  should  be  determined 
by  their  increase  of  resistance.  For  this  purpose  the  resistance  may  be  meas- 
ured either  by  galvanometer  lest,  or  hy  drop-of-potential  method.  A  tem- 
perature coefficient  of  OJ  per  cent  per  degree  C.  may  be  a.ssumed  for  copper. t 
Temperature  elevations  measured  in  this  way  are  usually  in  excess  of  tem- 
perature elevations  measured  by  thermometers. 

30.  It  is  recommended  that  the  following  maximum  values  of  temperature 
elevation  should  not  be  exceeded : 

•  TM»  corfeciion  i«  also  fntrnded  to  compenMie,  a»  nearly  m  w  at  prenenl  pcarttcablr,  for  the 
error  involved  in  the  Msumption  of  a  cotwlanl  tcmpcralurc  coefficfent  of  resistivity,  i.c.,  0.4  per  cent 
degree  C.  taken  with  varying  initial  temperalures. 

t  By  the  forroula  fi^-=  R^it  -)-o  oo.i#).  Where  R^  is  llw  resislante  at  room  lemperature,  R^  the 
rcsbUnce  when  heated,  and  0  the  temperature  elevation  (T— i)  la  degrcei  centigrade. 
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Com  mutating;  machines,  rectifying  machines,  and  synchronous  machines. 
Field  and  armature,  by  resistance,  54^  C. 

Commutator  and  collector  rings  and  brushes,  by  thermometer,  IXP  C. 
Bearings  and  other  parts  of  machine,  by  ihermomeler,  40°  C. 

Rotary  induction  apparatus: 
Electric  circuits.  *jO°  C,  by  resistance. 
Bearings  and  other  parts  of  Ihe  machine,  40°  C,  by  thermometer. 

In  squirrel-cage  or  short-circuited  armatures,  •*»'''t°  C,  by  thermometer,  roay 
be  allowed. 

Transformers  for  continuous  service  —  electric  circuits  by  resistance,  SO'Ct 
other  parts  by  thermometer,  W  C,  under  conditions  of  normal  ventilation. 

Reactive  coils,  induction  and  magneto  regulators  ~  electric  drcuils  by 
resistance,  ^'jP  C,  other  parts  by  thermometer,  •15*'  C. 

Where  a  thermometer,  applied  to  a  coil  or  winding,  indicates  a  higher 
temperature  elevation  than  that  shown  by  resistance  measurement,  the  ther- 
motneter  indication  should  be  accepted.  In  using  the  thermometer,  care 
should  be  taken  so  to  protect  its  bulb  as  lo  prevent  radiation  from  it,  and,  at 
the  same  time,  not  to  interfere  seriously  with  the  normal  radiation  from  the 
part  to  which  it  is  applied. 

31.  In  the  case  of  apparatus  intended  for  intermittent  service,  the  lenv* 
perature  elevation  which  is  attained  at  the  end  of  the  period  corresponding 
to  the  term  of  full  load  should  not  exceed  60°  C,  by  resistance  in  electric  cir- 
cuits. In  the  ca.sc  of  transformers  intended  for  intermittent  service,  or  not 
operating  continuously  at  full  load,  but  continuously  in  circuit,  as  in  .!;e  ordi- 
nary case  of  lighting  transformers,  the  temperature  elevation  above  the  sur- 
rounding air-temperature  should  not  exceed  W)^  C.  by  resistance  in  clectri 
circuits,  and  40*^  C,  by  ihermometer  in  other  parts,  after  the  period  conresf)ond* 
ing  lo  the  term  of  full  load.  In  this  instance,  the  test  load  should  not  be' 
applied  until  the  transformer  has  been  in  circuit  for  a  sufficient  time  to  attain 
the  temperature  elevation  due  to  core  loss.  With  transformers  for  commercial 
lighting,  the  duration  of  the  full-load  test  may  be  taken  as  three  hours,  unless 
otherwise  specified.  In  the  case  of  railway,  crane,  and  elevator  motors,  the 
conditions  of  service  are  necessarily  so  varied  that  no  specific  ]>eriod 
responding  to  the  full-load  term  can  be  stated. 
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INSULATION. 


32.  The  ohmic  resistance  of  the  insulation  is  of  secondary  importance 
only,  as  compared  with  the  dielectric  strength,  or  resistance  to  rupture  by 
high  voltage. 

Since  the  ohmic  resistance  of  the  insulation  can  be  very  greatly  increased 
by  baking,  but  die  dielectric  strength  is  liable  to  be  weakened  thereby,  it 
preferable  to  specify  a  high  dielectric  strength  rather  than  a  high  insulatioB' 
resistance.    The   high-voltage  test  for  dielectric  strength  should   always 
applied. 
InsttlatioD  Resistance.  — 

3.1  Insulation  resistance  tests  .should,  if  possible,  be  made  at  the  pressure 
for  which  the  apparatus  is  designed. 

The  insulation  resistance  of  the  complete  apparatus  must  be  such  that  the 
rated  voltage  of  the  apparatus  will  not  send  more  than  j«4«»i>o  of  the  full-load 
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current,  at  the  rated  terminal  voltage,  through   the  insulation.    Where  the 
value  found  In  this  way  exceeds  1  megohm,  I  megohm  is  sufficient 

Dielectric  Strength.  — 

31.  The  dielectric  strength  or  resistance  to  rupture  should  be  determined 
by  a  continued  application  of  an  alternating  E,.\f,F,  for  one  minute.  The 
source  of  alternating  E.M.F.  should  be  a  transformer  of  such  size  that  the 
charging  current  of  the  apparatus  as  a  condenser  does  not  exceed  25  per 
cent  of  the  rated  capacity  of  the  transformer. 

36.  The  high-voltage  tests  should  not  be  applied  when  the  insulation  is 
low^  owing  to  dirt  or  moisture,  and  should  be  applied  before  the  machine  is 
put  into  commercial  service. 

36.  It  should  be  pointed  out  that  tests  at  high  voltages  considerably  in 
excess  of  the  normal  voltages  are  admissible  on  new  machines,  to  determine 
whether  they  fulfill  their  specifications,  but  should  not  be  made  subsequently 
at  a  voltage  much  exceeding  the  normal,  as  the  actual  insulation  of  the 
machine  may  be  weakened  by  such  tests. 

37.  The  test  for  dielectric  strength  should  be  made  with  the  completely 
assembled  apparatus  and  not  with  its  individual  parts;  and  the  voltage  should 
b€  applied  as  follows  '.  -^ 

IsL  Between  electric  circuits  and  surrounding  conducting  material;  and, 

2d.  Between  adjacent  electric  circuits,  where  such  exist,  as  in  trans- 
formers. 

The  tests  should  be  made  with  a  sine  wave  of  E.M.F.y  or  where  this  is 
not  available,  at  a  voltage  giving  the  same  striking  distance  between  needle 
points  in  air  as  a  sine  wave  of  the  specified  E.M.F.^  except  where  expressly 
specified  otherwise.  As  needles,  new  sewing-needles  should  be  used.  It  is 
recommended  to  shunt  the  apparatus  during  the  test  by  a  spark  gap  of  needle 
points  set  for  a  voltage  exceeding  the  required  voltage  by  10  per  cent. 

A  table  of  approximate  sparking  distances  is  given  in  Appendix  V. 

38.  The  following  voltages  are  recommended  for  apparatus,  not  including 
transmission  lines  or  switchboards: 

Rated  Terminal  Voltage.  Capacity  TettiDg  Voltage. 

Not  exceeding  400  volts Under  10  A'.  If.    .    10()0  volts. 

•'  "  10  A'.  IV.  and  over    1500      " 

400  and  over,  but  less  than  8O0  volts 


1600  •* 
2000  " 
36f)0  " 
5000  " 
J  Double  the  normal 
rated  voltages. 


Under  10  A'.  IV.    . 
"  "  "  10  A'.  li\  and  over 

800  "  -    1200  *'  Any 

laOO  •*  »♦    2500  "      .     Any 

SfiOO  «  ......    Any j 

Synchronous  motor  fields  and  fields  of  converters  started 
from  the  ahernating  current  side 5000  volts. 

Alternator  field  circuits  should  be  tested  imder  a  breakdown  test  voltage 
corresponding  to  the  rated  voltage  of  the  exciter,  and  referred  to  an  output 
equal  to  the  output  of  the  alternator;  i.e.,  the  exciter  should  be  rated  for  this 
lest  as  having  an  output  equal  to  that  of  the  machine  it  excites. 

Condensers  should  be  tested  at  twice  their  rated  voltage  and  at  their  rated 
frequency. 

The  values  in  the  table  above  are  eflcctive  values,  or  square  roots  of 
mean  square  reduced  to  a  sine  wave  of  EM.F. 
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31>.  In  testing  insulation  between  different  electric  circuits,  as  between 
primary  and  secondary  of  transformers,  the  testing  voltage  must  be  chosen 
corresponding  to  the  high-voltage  circuit, 

-10.  In  transformers  of  from  lO.WO  volts  lo  20,tMXJ  volts,  it  should  be  con- 
sidered as  sufficieat  to  operate  the  transformer  at  twice  its  rated  voltage,  by 
connecting  first  the  one,  and  then  the  other  terminal  of  the  high-voltage  wind- 
ing to  the  core  and  lo  the  low-voltage  winding.  The  test  of  dielectric  resist 
ance  between  the  loW'Voltage  winding  and  the  core  should  be  in  accordance 
with  the  recommendation  in  Section  88  for  similar  voltages  and  capacities. 

41.  When  machines  or  apparatus  are  to  be  operated  in  series,  so  as  to 
employ  the  sum  of  their  separate  Ii,M,F.'s,  the  voltage  should  be  referred 
to  this  sum,  except  where  the  frames  of  the  machine  are  separately  insulated 
both  from  ground  and  from  each  other. 
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42.  The  term  "regulation"  should  have  the  same  meaning  as  the  term 
<*  inherent  regulation/'  at  present  frequently  used. 

43.  The  regulation  of  an  apparatus  intended  for  the  generation  of  con- 
stant potential,  constant  current,  constant  speed,  etc.,  is  lobe  measured  by  the 
maximum  variation  of  potential,  current,  speed,  etc.,  occurring  within  the  range  ■ 
from  full  load  to  no  load,  under  such  constant  conditions  of  operation  as  give  I 
the  required  full-load  values,  the  condition  of  full  load  being  considered  in  all 
cases  as  the  normal  condition  of  operation, 

44.  The  regulation  of  an  apparatus  intended  for  the  generation  of  a  poten- 
tial, current,  speed,  etc.,  varying  in  a  definite  manner  between  full  load  and  no 
load,  is  to  be  measured  by  the  maximum  variation  of  potential  current,  speed, 
etc.,  from  the  satisfied  condition,  under  such  constant  conditions  of  operation 
as  give  the  required  full-load  values. 

If  the  manner  in  which  the  variation  in  potential,  current,  speed,  etc, 
between  full  load  and  no  load,  is  not  specified,  it  should  be  assumed  to  be  a 
simple  linear  relation,  i.e.,  undergoing  uniform  variation  between  full  load  and 
no  load. 

The  regulation  of  an  apparatus  may,  therefore,  diflfer  according  to  it 
qualification   for  use.     Thus  the  rejjulation  of  a  compound-wound   gentrab 
specified  as  a  constant-potential    generator  will    be  different  from  that  it 
possesses  when  speciiied  as  an  over-compounded  generator. 

45.  The  regulation  is  given  in  percentage  of  the  full-load  value  of  potential, 
current,  speed,  etc.;  and  the  apparatus  should  be  steadily  operated  during  the 
test  under  the  same  conditions  as  at  full  load. 

4«.  The  regulation  of  generators  is  to  be  determined  at  constant  speed  ;  of 
alternating  apparatus  at  constant  impressed  frequency. 

47.  The  regulation  of  a  generator-unit,  consisting  of  a  generator  united 
with  a  prime-mover,  should  be  determined  at  constant  conditions  of  Ihc 
prime-mover;  i.e.,  constant  steam  pressure,  head,  etc.  It  would  include 
the  inherent  speed  variations  of  the  prime-mover.  For  this  reason  th« 
regulation  of  a  generator-unit  is  to  be  distinguished  from  the  regulation  oil 
either  the  prime-mover,  or  of  the  generator  contained  in  it,  when  taken  ^ 
separately. 

48.  In  apparatus  generating,  transforming,  or  transmitting  alternating  cur- 
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rents,  regulation  should  be  understood  to  refer  to  non-inductive  load  ;  that  is,  to 
a  load  in  which  the  current  is  in  phase  with  the  Ejlf.F.  at  the  output  side  of 
the  apparatus,  except  where  expressly  specified  otherwise. 

49.  In  alternating  apparatus  receiving  electric  power,  regulation  should 
refer  to  a  sine  wave  of  E.MJ'\  except  where  expressly  specified  otherwise. 

fiO,  In  commutating  machines,  rectifying  machines,  and  synchronous  ma- 
chines, as  direct-current  generators  and  motors,  altern  a  ting-current  and  poly- 
phase generators,  the  regulation  is  to  be  determined  under  the  following 
conditions: 

a.  At  constant  excitation  in  separately  excited  fields ; 

b.  With  constant  resistance  in  shunt-field  circuits;  and 

c.  With  constant  resistances  hunting  series  fields;  i.e.,  the  field  adjust- 
ment should  remain  constant,  and  should  be  so  chosen  as  to  give  the  required 
full-load  voltage  at  full-load  current 

61.  In  constant  potential  machines,  the  regulation  is  the  ratio  of  the 
maximum  difference  of  terminal  voltage  from  the  rated  full-load  value  (occur- 
ring within  the  range  from  full  load  to  open  circuit)  to  the  full-load  terminal 
voltage. 

52.  In  constant-current  machines,  the  regulation  is  the  ratio  of  the  maxi- 
mum ditlerence  of  current  from  the  rated  full-load  value  (occurring  within  the 
range  from  full  load  lo  short  circuit)  to  the  full-load  current. 

63.  In  constant-power  machines,  Uie  regulation  is  the  ratio  of  maximum 
difference  of  power  from  the  rated  full-load  value  (occurring  within  the  range 
of  operation  specified)  to  the  rated  power. 

54.  In  over-compounded  machJneSj  the  regulation  is  the  ratio  of  the  maxi- 
mum ditlerence  in  voltage  from  a  straight  line  connecting  the  no  load  and  full- 
load  values  of  terminal  voltage  as  function  of  the  current  to  the  full-load 
terminal  voltage. 

nS.  In  constant-speed  continuous-current  motors,  the  regulation  is  the 
ratio  of  the  maximum  variation  of  speed  from  its  full-load  value  (occurring 
within  Ihe  range  from  full  load  to  no  load}  to  the  full-load  speed, 

50.  In  transformers,  the  regulation  is  the  ratio  of  the  rise  of  secondary 
terminal  voltage  from  full  load  to  no  load  (at  constant  primary  impressed 
terminal  voltage)  to  the  secondary  terminal  voltage. 

57.  In  induction  motors,  the  regulation  is  the  ratio  of  the  rise  of  speed 
from  full  load  to  no  load  (at  constant  impressed  voltage),  lo  tlie  full-load 
speed. 

The  regulation  of  an  induction  motor  is,  therefore,  not  Identical  with  the 
slip  of  the  motor,  which  Is  the  ratio  of  the  drop  in  speed  from  synchronism 
to  the  synchronous  speed. 

58,  In  converters,  dynamotors,  motor  generators,  and  frequency  changers, 
the  regulation  is  the  ratio  of  the  maximum  difference  of  terminal  voltage  at 
the  output  side  from  the  rated  full-load  voltage  (at  constant  impressed  voltage 
and  al  constant  frequency)  to  the  full-load  voltage  on  the  output  side. 

51*.  In  transmission  lines,  feeders,  etc.,  tlie  regulation  is  the  ratio  of  maxi- 
mum voltage  difference  at  the  receiving  end.  between  ntvload  and  full  non- 
inductive  toad,  to  the  full-load  vnftage  at  the  receiving  end,  with  constant 
voltage  impressed  upon  the  sending  end. 

ti^  In  steam  engines,  the  regulation  is  the  ratio  of  the  maximum  varia- 
tion of  speed  in  passing  from  full  load  to  no  toad  (at  constant  steam  pressure 
at  the  throttle)  to  the  full-load  speed. 
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61.  In  a  turbine  or  other  water  motor,  the  reg:ulation  is  the  ratio  of  dM 
maximum  variation  of  speed  from  full  load  to  no  load  (at  constant  head  ol 
water ;  i.e.,  at  constant  difference  of  level  between  tail  race  and  head  race)  to 
the  full-load  speed. 

Variation  and  Pulsation.  — 

62.  In  prime-movers  which  do  not  give  an  absolutely  uniform  rate  of  rota- 
tion or  speed,  as  in  steam  engines,  the  "  variation "  is  the  maximum  angular 
displacement  in  position  of  the  revolving  member  expressed  in  degrees,  from 
the  position  it  would  occupy  with  uniform  rotation,  and  with  one  revolutioa 
as  360° ;  and  the  pulsation  is  the  ratio  of  the  maximum  change  of  speed  in  as 
engine  cycle  to  the  average  speed. 

63.  In  alternators  or  alternating-current  circuits  in  general,  the  variadoa 
is  the  maximum  difference  in  phase  of  the  generated  wave  of  E.M.F.  from  x 
wave  of  absolutely  constant  frequency,  expressed  in  degrees,  and  is  due  to 
the  variation  of  the  prime-mover.  The  pulsation  is  the  ratio  of  the  maximum 
change  of  frequency  during  an  engine  cycle  to  the  average  frequency. 

64.  \in  =  number  of  poles,  the  variation  of  an  alternator  is  ~  times  the 

variation  of  its  prime-mover  if  direct-connected,  and    -=  p  times  the  variatioD 

of  the  prime-mover  if  rigidly  connected  thereto  in  the  velocity  ratio/. 

65.  The  pulsation  of  an  alternating-current  circuit  is  the  same  as  the  pul- 
sation of  the  prime-mover  of  its  alternator. 

RATING. 

66.  Both  electrical  and  mechanical  power  should  be  expressed  in  kilo- 
watts, except  when  otherwise  specified.  Alternating-current  apparatus  should 
be  rated  in  kilowatts  on  the  basis  of  non-inductive  condition  ;  i.e.,  with  the 
current  in  phase  with  the  terminal  voltage. 

07.  Thus  the  electric  power  generated  by  an  alternating-current  apparatos 
equals  its  rating  only  at  a  non-inductive  load  ;  that  is,  when  the  current  is  in 
phase  with  the  terminal  voltatre. 

08.  .A-pparent  pnjwer  should  be  expressed  in  kilovolt-amperes  as  distin- 
guished from  real  pKiwer  in  kilowatts. 

60.  If  a  power-f.ictor  other  th.in  10  per  cent  is  specified,  the  rating  should 
be  expressed  in  kilovolt-amperes  and  power-factor,  at  full  load. 

70.  The  full-load  current  of  an  electric  generator  is  that  current  which 
with  the  rated  full-load  terminal  voltage  gives  the  rated  kilowatts,  but  in  alter- 
nating-current apparatus  only  at  non-inductive  load. 

71.  Thus  in  machines  in  which  the  fulMoad  voltage  differs  from  the  no- 
load  volt.ige.  the  fulMo.ui  current  should  refer  to  the  former. 

If  Pzr  rating  of  an  electTic-gener.\tor  and  A' =  full-load  terminal  voltage, 
the  full-load  current  is: 

/=  ,,  in  a  continuous-current  machine  or  single-phase  alternator. 

/  = in  a  three-phase  altemauv. 

p 
/=  -  ^,  in  a  quarter-phase  altemarK>r. 

72.  ConsT.int-current  machines,  s.:«:h  as  series  arc-light  generators,  should 
be  rated  in  kilowatts  Kxsed  on  termin.xl  wV.ts  and  amperes  at  full  load. 
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73.  The  rating  of  a  fuse  or  circuit  breaker  should  be  the  current  strength 
at  which  it  will  open  the  circuit,  and  not  the  working-current  strength. 

Classification  of  Voltages  and  Frequencies.  — 

74.  In  direct-current,  low-tension  generators,  the  following  average  termi- 
nal voltages  are  in  general  use  and  arc  recommended: 

126  volts.  2;jO  voHs.  560  volts. 

?'>.   In  direct-current,   and   alternating-current,  low-pressure  circuits,  the 
following  average  terminal  voltages  are  in  general  use  and  are  recommended : 
110  volts.  220  volts. 

In  direct-current  power  circuits,  for  railway  and  other  service,  600  volts 
may  be  considered  as  standard. 

76.  In  alternating-current,  high-pressure  circuits  at  the  receiving  end,  the 
following  pressures  are  in  general  use,  and  are  recommended  : 

lOOO  volts.  2000  volts-  3000  volts.  flOOO  volts. 

lOntM)  volts.  15000  voUs.  20O0O  volts. 

77.  In  alternating-current,  high-pressure  generators  or  generating  sy sterns 
the  following  terminal  voltages  are  in  general  use,  and  are  recommended  : 

ll->0  volts.  23(>0  volts.  3450  volts. 

These  pressures  allow  of  a  maximum  drop  in  transmission  of  15  per  cent 
of  the  pressure  at  the  receiving  end.  If  the  drop  required  is  greater  than  16 
per  cent,  the  generator  should  be  considered  as  special. 

78.  In  alternating-current  circuits^  the  following  approximate  frequencies 
are  recommended  as  desirable: 

26  -w.  or  30  ^  40  -w  00^  120  -^  (•) 

These  frequencies  are  already  in  extensive  use,  and  it  is  deemed  advisable 
to  adhere  to  them  as  closely  as  possible. 

Overloyid  Capacities.  — 

79.  All  guaranties  on  heating,  regulation,  sparking,  etc.,  should  apply  to 
the  rated  load,  except  where  expressly  specified  otherwise,  and  in  alternating- 
current  apparatus  to  the  current  in  phase  with  the  terminal  EMJ^.y  except 
where  a  phase  displacement  ts  inherent  in  the  apparatus. 

80.  All  apparatus  should  be  able  to  carry  a  reasonable  overload  without  self- 
destruction  by  heating,  sparking,  mechanical  weakness,  etc.,  and  with  an  increase 
of  temperature  elevation  not  exceeding  16"  C.  above  those  specified  for  full 
loads.    (See  Sections  25  to  31.) 

81.  Overload  guaranties  should  refer  to  normal  conditions  of  operation 
regarding  speed,  frequency,  voltage,  etc.,  and  to  non-inductive  conditions  in 
alternating  apparatus,  except  where  a  phase  displacement  is  inherent  in  the 
apparatus. 

82.  The  following  overload  capacities  are  recommended : 
1st  In  direct-ctirrent  generators  and  alternadng-current  generators t  26 

per  cent  for  one-half  hour. 

2d.  In  direct-current  motors  and  synchronous  motors:  25  per  cent  for 
one-half  hour,  60  per  cent  for  one  minute  ;  except  in  railway  motors  and  other 
apparatus  intended  for  intermittent  service. 

•  The  frequency  of  120 '"*' may  be  considered  as  covering  ihe  ilreai]}' exi»ti(iK  commercial  fre- 
qoeodes  between  120  ■**  and  t-10  "^,  and.  die  frequency  of  €0  ■■*'  a»  coTcring  the  already  caisttag  com- 
oierdal  frequencies  between  00  "^  and  <**•  TO. 
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3d.  Inductioo  motors:  25  per  cent  for  oac4iaIf  Immt,  dO  per  cent  for  qdc 
minute. 

4tli.   SjmchroDOus  converters :  dO  per  cent  for  one-lialf  hoar. 

Stfa.  Transformers:  25  per  cent  for  oae-iiaif  boar:  except  in  tnav 
formers  connected  to  apparatus  for  vhidi  a  distercst  overkxad  is  gnanuiieed, 
in  wfajcfa  case  the  same  guaranties  shall  apphr  for  the  transfomiers  as  for  die 
apparatus  connected  thereto. 

6th.  Elxdtcn  c^  alternators  and  other  srachnmoos  laadbines,  10  per  cest 
more  overload  than  is  required  for  the  exdtatioB  of  d»e  sjvcfaraEioas  maduoe 
at  its  guaranteed  overload  and  for  the  same  period  of  Ti—r 

APPENDIX  L 
EFFICIENCY. 

In  apparatus  producing  phase  dtsptfarrmeat.  as.  far  ezasrpfe.  svedvo- 
BOOS  compensators^,  exdters  of  inductaon  guMjaaars.  le^acsi*^  cocls.  coodcBsav 
olarizatkn  ceDs.  etc  d>e  eScicncT  sbocid  be  ^odenaisod  to  be  the  ratio  d 
the  Toltampere  activitr  to  the  volt-ampere  .actiii:i  p^^s  pover  loss. 

The  eficiencT  mav  be  calcoiased  bv  de^rafzfz^  C3ie  uaeses  ixuf rndsallT, 
addini^  to  them  the  volt-ampere  actnity.  aad  :bex  crvdjoi^  tibe  vx>Ir-ampee 
activitT  bv  the  sum. 

1st.  In  STochrooocs  compessasors  aad  eicfaers  cc  nod 3c5ixi  ^ccratorv 
the  determinadoo  of  losses  is  tbe  saae  as  ra  coier  s]r3KfirTraaGS  g^ing 
sader  Sectf.Tcs  !•>  a=d  11. 

/'fl^yss^  T*~«eT  sio-ji  re  r:ii>.r-c  ":t  ••i.rrrreT^  Tr-i  sEotsr-rj  ::  rea-rrve 
co£ls  scooi  re  d*t-r:=ir--c  -r-j--  i.  s^^-t  ttxt*  :c  rr^rr-ss«sd  S--f^-^  iics;: 
wiierc  exTn-ssCj  soenf  e-i  :±-ir-w-<<;. 

a"f*  sio.^ii  re  i-t-r:=^----d  "rr  -w-i-.-rririr  Tf.-Ji  x  ?r::';  ttxt-*  :c  ^  Jf  _~. 

very  crc^-c-inS'';-  Tr-t-  z^-'tni  -7»:n  rre  f-^:  :«srirr.  i-ri-rkj:-;.  i^i.f  -^— r<ri- 
rji?.  x=id  sic'^-ii  Ve  i't-i'rr::r^±  -r-jz  x  sne  it^t*  ^c  inarr-is^sed  SMS. 
<xrr7:  wt:<r:e  *xzcTj:«i?^7  >cer-f  si  rrrttrw-?*;. 

!-  iTTarxr-.-*  -  ^^^  -rr  i  r-xs?  i  --•ireTr.i-::  :>  ■3^7«-»n.r  •»?   rierr  :cenr<X- 
>-;*rc:    irc.iriri.'i    r:-:Trr-s<f     "r^.trr-rci    Tr-rarr^   riXirr-r—    S7Tirar-rc»r«xs    r.x- 
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APPENDIX  III. 
Power  Factor  and  Indnctance  Factor.  — 

The  power  factor  in  alternating  circuits  or  apparatus  may  be  defined  as 
the  ratio  of  the  electric  power,  in  watts,  to  volt-amperes. 

The  inductance  factor  is  to  be  considered  as  the  ratio  of  wattless  volt- 
amperes  to  total  volt-amperes. 

Thus,  if  p  =  power  factor,  q  =  inductance  factor, 

_.  r    ..     .    .L     (energy  component  of  current  or  £". J/./*.) 

The  power  factor  is  the ..  r^ 1 ^  .,  „ -' 

*^  (total  current  or  E.Af.J^. 

and  the  inductance  factor  is  the 

(watdess  component  of  current  or  E.M.F.  _  _true  power. 
(total  current  or  ETM.F.,  ~  volt  amperes. 

Since  the  power-factor  of  apparatus  supplying  electric  power  depends 
upon  the  power-factor  of  the  load,  the  power-factor  of  the  load  should  be  con- 
sidered as  unity,  unless  otherwise  specified. 

APPENDIX  IV. 

The  following  notation  is  recommended :  — 

E^  e^  voltage,  E.M.F.,  potential  difference. 

/,  /,  current 

P^  power. 

4,  magnetic  flux. 

(B,  magnetic  density. 

R^  r,  resistance. 

X^  X,  reactance. 

Zf  Zy  impedance. 

Z,  /,  inductance. 

C,  c,  capacity. 

Vector  quantities  when  used  should  be  denoted  by  capital  italics. 
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Table  of  Sparking  Distances  in  Air  between  Opposed  Sharp  Needle- 
Points,  for  Various  Effective  Sinusoidal  Voltages,  in  inches  and  in  centi- 
meters. 


KtUSVOLTS 

Distance. 

KlLOVOLTS 

Distance 

Sq.  Root  of 
Mban 

Sq.  Ro<)t  of 
Mean 

Square. 

Inches. 

Cms. 

Squakb. 

Inches. 

Cms. 

6 

0.226 

OJiT 

60 

4.65 

11.8 

10 

0.47 

1.19 

70 

5.85 

14.9 

15 

0.725 

1.84 

80 

7.1 

18.0 

20 

1.0 

2J>4 

90 

8.35 

21.2 

25 

1.3 

3.3 

100 

9.6 

24.4 

30 

1.625 

4.1 

110 

10.75 

27.3 

35 

2.0 

6.1 

120 

11.85 

30.1 

40 

2.45 

6.2 

130 

12.95 

32.9 

45 

2.96 

7.5 

140 

13.96 

36.4 

60 

3Ji5 

9.0 

150 

15.0 

38.1 
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